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ABSTRACT
Flame Retardation of Polymers
» (Novenber 1978)
Joseph K.Y. Kiang, B.S.Ch.E., Chung Yum College of Science & ﬁ\gﬁneéring

M.S., - Lowell Technological Institute
M.S., University of Massachusetts -
“Ph.D., University of Massachuserts

Directed by: Professor James C.W. Chlen

The central purpose of this study is to understand the chemical
events that may be occurring in the decomposition of a polyfner and how
a potential flame retardant would in general suppress, alter or modify
certain chemical reactions, ‘ »

Chromyl chloride(CrO 2) was used to react with scxm-crystalline
isot:ac!:ic polypropylene in an Etard reaction wnder different experimental
'conditions The chromium-containing polypropylene and the neat polypro-
pylene were investigated.for their thefmal stabilities and igniticn char-
acteristics by thermogravimetric analysis(TGA) and differential thermal
qnaiysis(DTA). The relative flarmabilities of these polymers were studied
by the limiting oxygen index (LOT) test. In 'inertv atmosphere, the chromium-
containing polymer decomposed faster than’ polypropylene and exhiblted a
lower activation energy (44 Kcal mole” -1 vs 51 Keal mole” ) In o:ddative
envirorment, the former polymer inhibited decomposition by in-situ char
-formation result:l.ng in a higher activation energy than the latter polymer
(26 Kcal mole” -1 vs 16 Kcal mole” ) The ignition tawerature of the former
polymer in air, as shown by the DTA ipnition exotherm, was 156°C higher
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than for neat polvpropylene. A LOI of 26.4 was found for the chromiur-
contéining polypropylene, the role of chromium and chlovire in flae
inhibition is believed to be due to free radical scavenging, thus stop-
ping flame pfbpagation. A similar study on polypropylere foi;*d a 10T of .
17.4, _ v

A novel interfaced pyrolysis'gas chromatographic pesk identifica-
dm system was used to pyrolyze the aWe polymers in inert and in oxi-
dative afxns;vhe:es. The processes followed first-order reaction kineties.

Pymlytic products were séparated'by temperature prograrmed gas chromato-

-graphy and identified on-the-fly by rapid scan vapor phase infrared spec-

trophotametyy, tass spectrometry, mass chromatography, and vapor phase
pyrolysis. The presence of chromiun in polypropylene was found mot to
affect the nature of the products produced. Mechanists of product forra-
tions were proposed. In inert atrosphere, a mechanisn irvolving intra-
rolecular chain tzansfer processes, especially those of the secondary )
alkyl radicals, could account for the formations of most of the products. -
In oxidative envirorment, the formations of the major o.\ygé\ai:ed produéts
were diffusion controlled as a function of oxygen concentration, Mecha-

nisms involving C-C scissions of the terminal and backbone alkoxy radicals

écc&:panied by H- and -CH, transfers were responsible for product format-

tions.
Similar experiments were performed on polyisoprene and vanadium-

_ containing polyisoprene. The latter polymer was prepared by reacting

vanadium oxytridﬂoride(‘!OCl:;) with polyisoprene hydroxylated with con~

_ trolled amunt of peracetic acid. The thermal stability of the above




polymers was about the sz in irert atmosphere, an activat <1 e*me*-gv of
about 40 Kcal mole” -1 e foumd for both of the polymers. In cxidative
enviromment, vanadium also irhibited decomposition by in-situ char for-

mation resulting in a higher activation energy than neat polyiscprene

(50 Keal mole ! v 27 Keal m’le‘l). The ignition temperature of the metal-

containing polymer was 100°C higher than the neat polymer under similar
e:Qerinencal conditicns.

Pyrolysis ard e\.da*:.ve pyrolysis of these two polyrers follcxed
first-order reacticn kirlerics. - The products were identified by rass spec
trometry.  The presence of vanadium in polvisoprene was also fom ™ot to
affect the nature of the products produced. Although.the t;."te'mal stabi-
lity in terms of weight loss of the two polymers was about the szme in
inert atmosphere, product distributions, however, were very different.

In oxidative emvircrmentz, all of the major pro&ucts were suppressed.

' In 4nert atmosthere, a simple mechanistic scheme was proposed which
irvolved o and & scissions of the polyisoprene chain to account for all
of the products.' The allylic radicals, formed from B scissions, however,
were mainly responsible fcr product formations. Finally, similar mecha~
nisms could be written for polyisoprene as those proposed for polypropy-

lene in oxidative emvircrment.
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CHAPTER I
PRINCIFLE OF FLAME RETARDATION

Introduction

Humen beings leamed from time immesorial that fire can bring much
human and economic misery. Fire rmks third as the rost frequent: cause of .
fatal accidents in the United States, exceeded only by motor vehicles
accidents and falls. The National Fire Protection Association e;timaCed
that fires, mot including those from motor vehicles, killed about 8,800

people.in the U.S., and injured 108,000 in 1976.  In terms of property loss,
" 4t costed about $3.4 billicns. In relation to this, polymer flamability ‘
ha$ been recognized as an increasingly irportant social,legal and scienti-
fic problen. '

The flammability characteristics of natural and synthetic polymeric
materials is of broad interest with particular aspects including ceatings,
fibers and fabrics, reinforced plastics, elast:omrs. "cellular plastics,
and ablative mterials. Rapid expansion of plastics in wearing apparel,
}draperies,carpeting, sutorotive and aircraft camponents, and in allied .
consuner industries, makes it imperative that a better understanding of
the flamability characteristics of polymers be gained.

The first federal legislation relating to combustible synthetic
materials goes back to 1953 when Ca\gress passed the Flamable Fabrics
Act. Tn 1967, Amendrent to the Act included all wearing apparel and _
interior furnishings. Responsibility for the Act was shifted from the
Department of Correrce and the Federal Trade Commission to the Consumer
Product Safety Commission when it began operation in 1973. Qvgr the years,
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the Departrent of Conmerce's Maticmal Bureau of Standards has developed
flammability tests that companies must use to determine me;her their
products meet federal safety specifications. In addition, federal, state

and city, and same major industries have established buying sﬁecifications

for materials that are potentially flx:r.‘.ablel.

Among the genéral public, considerable .confusion exists about the
definitions of the terms 'fl_ame retardant', 'flame resistant’', 'fire re~
tardant', and 'fireproof'. 'Flame retardmt' and 'flame resistant' are
used as undifyir.g'p}nses to describe t:he property of resisting fire.
'Flané retardme’ itself is also used in the nominative 'vsense to describe
a chemical species which enables a material to resist burning when exposed
to a relatively low-enmergy igniclim source, such as cigarette, match,
candle or stove bummer. A 'fire retardant', on the other hand, causes a
raterial to resist bummg when subjected to a high-energy ignition source,
such as a flaming pool of gasoli.ﬂe. The term 'fireproof' is rarely used
because nothinz can be cota_l_ly irmrie from the effects of a huge, raging
fire. The properties of a fireproof material should not be afféCCed by a
fire. For ewrple, steel is not fireproof, it softens near 540°C and
yields under stress at high terperatures although it is not necessarily
consumed in a fire, yet irportant properties are destroyed. Thus, the
terms, 'retaxrd' .md ‘resist' imply a partial but not complete barrier to
fire, whereas 'proof' is an absolute tem. v '

Flame retardants have been known since ancient times.. The early
Egyptians used various inorganic chemicals, such as clay, -to make woven
cotton flame retardant. Solutions-of alum were used to make wooden towers

retardant or resistant to fire in Greece in 83 B,C. In 1683, clay and

gypsum were first used to make canvas scenery in theaters flame resistant.

e g e e A s s e T e e T e 2
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In 1735, Obadizh Wyld in England vas granted a patent for treating cellu-
losic materials with a flame re;ardant mixture of alum; ferrous sulfate
and borax. French chemist Joseﬁh Louis C.ay-Lusséc in 1821 develﬁped a
flame-retardant mixture of armonium pmsph.éte, armonium chloride, and borax
for treating linen and jute fabrics. Durable flame retardant for fabrics
consisting of starnic oxide was devised in England in 1902. In the 1930's,

‘seientists began developing Afl.ame retardant .mixtures containing metal oxides

or salts, together with chlorinated organic compounds, for treating cottom.
One such mixture consisted of antimony trioxide suspended in chlorinated

pavaffins or polyvinyl chloride.

It should be pointed out that the science of flame retardation ori-
ginated from the investigations of the ease of ignition of natural materials
such as cotton and jutes in early days. This is the reason why most of
the early reported studies and ﬁatents were concerned with these materials.
With the advent of synthetic polymers and their increaéed acceétance by the
general publié, the study of flame retardation of these materials has be-
came necessary. '

Anmong the synthetic polymers, relatively lirtle attention has been

.paid to the flanmability of elastomers. Even though the ignition and

burming characteristics of rubbers are a matter of some concem in a few
specific applications, the total volume of rubber used in these applica-
tions is rather small and consequently, ‘research in ﬁhis area lags behind
the corresponding efforts given to plastics. However, the rapid increase

" in the use of elastomers in many consumer ofienf.ed applications has recently

caused agreater emphasis to be placed in the flammability behavior of
these materials., The recently formed Committee 39 of the ASTM (American
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Society for Testing and Materials) has been charged with the responsibili-

ties of establishing the criteria necessary to design tests for the flam-~

"mability of these materials.

Flame Retardation of Synthetic Polymers

The rapidly grcx.}ing demards for synthetic polymers and the increasing
public awareness of their potenitial as fﬁ:e hazards have revived the old
problem of flamability which has been exhaustively studied for natural

polymers such as cotton and jute.

The goal in this area is the flare retardation of polymers and not
their flame proofing. Mark et al.’ had established a mmber of guidelines
for an ideal flame retardant polymeric system. This system should have
1) a high resistance to ignition ax.\d flame -pro'pa’gation, 2) a low rate of
pyrolysis, 3) a low rate and amount of smoke gméra:ion. 4) iowcmbusti—

bility and toxicity of combustion gases, 5) retention of reduced flamma--

_bility in appearance and properties for specific end-use, and 7) little

or mo economic penalty. Therefore, a flame retardant system, in addition to
being formulated from eff;icient, eccmomié‘ chemicals, should.require no
wnusual processing conditions, must be applicable in conmeréial equipment,
and must be durable under all use conditions. All of these requirements

_ dictate the type of evaluation necessary for flame retardant systems.

Flame retardation is essentially- an interruptionof the burning
process. In most cases, only vapor phase materials can truly bumn. Con-
densed phase materials(liquids and solids) have to be converted to the vapor

- phase before ignition and combustion can occﬁr. Thus, the majority of

synthetic polymers such as plastics and fibérs; under typical fire exposure .




conditions, cgntribute significéntly to the vapor phaég which is-potentially
flammable. Reducing the flarmability of a solid material can therefore ‘
bc.divide'd into two phases: reducing the degrees of conversion into va- .

- por phés_e materials, @d changing the vapor phase materials into less
flamable ones3 ‘

To know how flame retardants can reduce the degree of conversion of

a solid polymer into vapor phase materials and/or change the latter into
less flammable ones, an understanding of the thermal and thermxidat:ive
decamposition of the polymer is essential. The study of the thermal de-
composition of a polyrrer.in an_ inert 'atrmspher'e 'usjélly precedes those of
the more complex thermoxidative decorposition in en oxidizing envirorment.
-This informticm may help one to make an initial Judgment as to the general
behavior of this polymer in the presence of a heat source. For example,

a polymer such as polymethylmethacrylate which undergoes a facile thermal
depolymerizition to produce combustible bmonomr‘,v is considered to be less_
flame retardant than polyvihyl chloride, which produces the mn—combusrtible
hydrogen chloride vapor. However, more practical ‘information can be ob-
tained by studying the thermoxidative decomposttion in envirorment similar
to those encountered in an actual fire ‘situation. The rate of thermoxi-
dative decomposition of a polymer depends on the prevailing 'terrperature

. of the enviromment. ' '

It is well known that rolecular oxygen because of its high reacti-
vity towards possibly present free radicals, causes the formation of hy-
droperoxide groups,-OCH. As a result of the lability of the peroxide bond,
these hydroperoxides tend to decompose. with the formation of new free
_ radicals which, in turn, again form hydroperoxides. Thus, the reaction

becomes autbcatalytic .
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The formation of hydroperoxide groups creates the prerequisites
for oxidative decamposition of the polymer because the free radicals,-
formed by decomposifion of these groups, can lead to chain scissions. At
tenperaaircg below about 200°C, l;aiogxenated flame retardants(stabilizers),
are usually used to interfere with the earliest preignition processes,
namely, formcion ‘of active cham radicals, chnm deconposition and the
generation of ca'tbustible wvolatile products Table 1 ‘shows some emrples of
ecxmercially used flame retardants Howewer at tewperat:ures about 250 c,
the rate of the chain scissions incraases rapidly owing to che accelerqted
formation of active free radicals, the above flame retardm;s(sc‘.bxlizers_)‘ -
will no longer be capable of ‘slcwing these reactions and dtﬁer types of
flame retardants ave required.to suppress pdlymer ccmbustioh. These
flame retardants include those which pmduce mnflammble pases; those
which incorperate inorpanic materials; and those which form char. E.xamples
6f these flame retardants have been reported by Mark et al.z.

The noncambustible gases are very desirable diluents for combustible

" decamposition products such as HCHO, CH3CHO' and low rolecular weight hydro-

carbons. In addition to gas phase diluﬁion, the water released from flame
retardants containing for example, hydrated alumim is associated with
an energy loss due to the endothermic dehydration and evaporation processés
Finely powdered inorganic filla‘s increase "the thermal conductivity of the
system and slow the rate of tenperatm‘e increase, thus suppressing the
ignition of the polymer. Finally, char formation prevents further ‘access
of oxygen and forms a solid, immobile residue instead of a liquid bumning
mass. ' '

In general, five speculative modes of action have been proposed for

flame retardation of polyrrersz.
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Table 1

Examples of Commercial Flame Retardantsz

Trade Name

.. Composition or Structure

(a) Balogen-rich, organic Flame Retardants

Chlorowax

DER
Tetrabromo-bisphenol A
Firemaster PHT &
Firemaster BP4A

. _ Firemaster 5BT

BP-10 -
Aroclor 5442 & 5460

Be:ééchlcroc;}c_lopehtadiene a

) »l"!iscellanequs Flame Retardants

Antimony oxide
Diamonium phosphate

. Zinc borate

C-30 BF

Amondun bromide

Fyrol 32-B

P

Triphenylphosphine oxide

Chlorinated paraffin

Brominated Epoxy resin .

- C(Hy) 5 (CgHaBr,ON)

Tetrabromo-phthalic arhydride
Tetrabromo-bisphenol A
Pencabromotoluene
Decabrambipbenyi
Chlorinated triphenyl

CsClg

'(C5C16)2

. Pentabromoe thylbenzene -

Sb03 -

Q) PO,
(80,0,

AL Oq+- 3,0
, NH_aBr

(B, Be-G,70) 0

" Triphenylphosphite, P(0-CcHg)4

opP(C 6H5) 3




_

i B ek 305 i 1 NP i e PR L R S S S TRV R i EREIPRRNIN

Gas Theory
Generation of noncombustible gases which dilute the flame oxygen

supply and tend to exclude oxygen from the polymer surface.

Thermal Theory _

Radicals or molecules fram retardant decomposition react endothermi-
cally with flame species or substrate species and retardant decarposes
endothermically.

Chemical Theory

Retardant decorposes into free-radical acceptors which interfere

with flame chain reactions.

Coating Theory

Norwvolatile char is formed which minimizes the oxygen diffusion to
the condensed phase and also reduces the heat transfer from the flame to
the polymer. ,

Physical Interaction Theory .

Finely divided particles or solid interfaces may form 'endochermically
and lower the net heat of combustion or reduce flame pmpagatim by ali:er-
ing the course of gas phase reactions and lead to less active radicals.

It should be pointed-out that the above proposed theories do not

_contradict, but rather ‘complement, each other.
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How Flame Retardants Work

The question of how various flame retardants work to inhibit burn-
ing is still, in some cases, highly controversial. In general, flane
retardation is believed to result from the presence in the retardant of
one or more key elements, such as phosphorus, nitrogen, chlorine, or bro-
mine, or of a volatile campourd, s@ as water of hydration. This section
discusses some of the more cosronly held theories about how some of

these substances function to s&_gpress polymer combustion.

Prosphorus

Prosphorus acts primarily in the ‘solid phase and is believed to
. function as a flame retardant by a variety of mechanisms. Probably the
most important iIs its ability to increase mrkedly the conversion of
organic matter to char during burning and thus to decrease the formation
of flamable carbon-containing gases. Combustion is inhibited because the
char does not burn readily and because the amount of combustible gases,
such as hydrocgrbms, is greatly vreduced. By its char formation, phos-
phorus restricts oxygen access and consequently dir_écts carbon oxidation
to €O rather than to CO,. The O formation has the advantage of 70 Kcal

1 lower exotherm than CO, fomat:ionl‘.

Phosphine oxides, phosphonic acids, and phosphinic acids were found
to bev flame retardants for various then:?plascics. It was postulated
that the acidity of the compounds was directly related to their activity
and that the formation of polyphosphates(or phosphate glasses) was vital
to t:he mechanism by which they ﬁmctioneds The use of phosphate flame
retardmts on cotton has been well d.ocunented6 It is believed that these
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compounds inhibit buming by producing phosphoric acid, which promotes

char formation and retards the decomposition of cellulose to combustible .
tar, aldehydes and ketones. The mechanisms of flame retardation with

phosphorus cotrpoxhds were reported by Lyons7.

Nitropen
The role of nitrogen in flame retardants is poorly understood. It
is suggested that nitrogen probably is a flame retardant element in some

forms, however, it is not very efficient. Lyons7

suggested that in the
presence of phosphorus compounds, nitfrogen compounds probébly acted in two
ways as flame retardants. Nitrogen acids could form (e.g., HNO,, Hm3)
and aid in char formation by proroting formation of carbonium ions (vide
supra). Nitrogen compounds in various oxidation states could volatilize

ard inhibit flaning combustion by serving as free radical traps.

Chlorine and Bromine

The two elements are believed to work mainly in the gas phase.
Among other things, these halogens remove from the flaming gas the hydrd-
gen free fadicals -that, along with both. oxygén free radicals and hydroxyl
free radicals, are e>ssentia1 to sustaining the combustion process. .

If the flame retardant is a bromine campound, for example, the burn-
ing causes it to release gaseous hydrogen bromide. The hydrogen bromide

. then apprently reacts with the hydrogen free radicals t6 form molecular

hydrogen gas and bromirie free-radicals. Hydrogen free radicals and bro-
mine free radicals combine to regmerate hydrogen bromide. Both of these -
reactions remove hydrogen free radicals from the flaming gas and thus -

' suppress the burning process.
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HBr-’-H. “H2+Bt- (1)

H- + Br+ — HXr
~ Similar reactions may take place to remve oxygen free radicals and
hydroxyl free radicals from the burning pas. For example, hydrogcnv bromide
may react with hydroxyl free radicals to form water and bromine free radi-

cals, thus reducing the hydroxyl free radical concentration,
Hbr + OH. — H20+~Br' (2)

Hydroxyl free radicals are impertant to conb_usticn because they can
react with CO to form 00, and hydrogen free radicals. This reaction, being
exothermic, is believed to play a sig:'».i_ficsz: role in sustaining the burm-
ing process. _ ; ‘

The role of chlorine is. very similar .to that of bromine, Comparing
bond energies, the relative effectiveness of halogens is HBr = HI > HCL >>
HF. HBr is rore effective than KCl in flame v‘eta.rdation because. the fomer
has a lower bond emergy. - HI is nop corronly used because of cost consider-
ation. HF, on the other hand, is mot effective at all because of its strong
bond.

Antimony Corpounds
The rost irportant compounds in this category are the trioxide(Sb,04)
and the oxychloride(SboCl). The trioxide by itself is a very poor flame

retardant. However, when used in conjuction with a halogenated organic '
compound the systen is very effective.. If HCL gas is released from the
halogenated oa:pound then it reacts with the solid Sb203 to form SbCl3
which then reacts with both hydrogen free radicals and hydroxyl free ra-
dicals. The resulting removal of these free radicals interferes with
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combustion and can cause the flame to be extinguished. ’

A nunber of mechanisms have been sug;gesteé to accomnt for the mode
of flame retardation of SBCl3. O:me‘- suggestss that trivglent antimony
facilitates generation of halogen réaic;als with reéult:ing interference to
the normal free vadical mechanism of ﬂare pz‘d;‘agati»m. Another suggesr._s9
that the formation of SbC13 and/or SHOCL sizply delays the rate of escape
of the halogen from the flame and thus increases the chance of reaction
with the propagating species. . Yet another sug ~ges:slo that volatile SbCl3
acts by blankering the flare: Finallv, "*ar formation in the solid phase
has also been su{gested_as one of the rec.‘*";.srs since SbCl3 and/or SbOCL

can act as dehydrating agents in the pyr:olgrais of <:e].].\.1lose,:L 1.

Alunina Trihydrate (A].ZO3 31-120)

This camound suppresses burning in a mrber of ways. When heat is
applied to a material containing this cocpamd, the temperature rise is
slowed down because the trihydrate absorbs heat when the temperature reaches
about 220° to 230°C, the alumina trihydrate deccrposes into anhydrous alu-
mina and water endothermically. The water vapor dilutes and coels the
combustible gases and retards their burning.

Boron .
Mot much is known about how boren, often used in the form of boric
acid or borax, acts as a flame retardant. Like phosphorus, it acts pri-
marily in the solid ‘phase mgre'ic_pmmtes char fcrrm_acion and inhibits; the
release of ccnbustible gases from the burning material.
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Practical experience has led to the recognition that cowbinations
of flame retérchts frequently are the best means for achieving flame

_retardation. A synergism is defined as a situation in vhich the effect of
two components takentogether is greater than the sum of their effects
taken separately. This subject has been reviewed thoroughly by We:tll2
and demonstrated kinetically by Schwarzu. Although not mentioned by name,
two sysf.ems that have been discussed in previous sections are actually
synergistic aystaté , they are the pmsphdm—nimgm and antirony-halogens
systems. - v

The phosphms'-nitro'gen synergism has been widely used in cellulose
as evidenced by the mumber of published studies and patents. However, only
scattered accounts of this synergiséic systen in polymers other than cellu-
lose appear in the literature; the sparsity.of such reports and the very
limited usage of this system in oc,her polymers suggest that this synergism
is not general. On the other hand, all of the durable flame retardant
finishes fdr-cotton_ to date which have reached an advanced stage of develop-

_ment or actus]l carmercial usage are concerned with this system. Although
uncommon, the phosphorus-nitrogen ‘synergism had been used successfully to

. flame-retard rigid polyurethane foa:rsll"ls . | ‘

' The interaction of antimony corpounds most comronly as antimomy oxide,
with halogenated polymers or polymer dontaining halogenated additives,
constitutes the classical case of synergism. Antimony oxide is usually
found to be of low flame retardant activity in the 'absence of halogenated

" polymers or additives. . V '

' Pittsl6 had shown that the flame retardant effect of antimony oxide
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increased as halogen was added to the system, up to an atcaic ratio of
three halogen atoms per antimony atom. Antimony haiides had been shown to
be potent flame suppressants when directly volatilized into a flame. The
mechanisn of an antimony-halogen synergism was proposed by Pitts et 31.17

as followed.

Sb,0y + CL —= 25H0CL + H0

245°-280°C '
55601 @ Sb,0CL, + spc13t

410 -a75°c - .
48,0401, ==+ 55040,CL sy * SbCl, ! )
475°-565°C

[‘Sb203(s) + Sb§l3?

3Sb304C1

658°C
- $0,03(1)

S5203(5)
In the presence of an haiogm(e.g. ,. chlorine) source, Sb,0, formed
S0C1 which decorposed in three endothermic steps throuch the 2a5°-ses°c
reglon, resulting in the evolution of SbCl3 and leaving a solid sz IS
The endothermic release of SbC13, in conjunction with its blanketing effect
worked together to quench the flaxr\_e‘ In the case for polyurer._hane foam,
the large endotherm at 245°C was believed to be particularly helpful in
lowering the decomposition rate of the foam juét at the point when it was
. begiming to accelerate and evolve ﬁMble raterials. The efficiency of
“this matching of the decomposition temperature between the fl.arnable subs-
trate and retm:dant ‘additive had been cited as the key to good flae retard-
ation, the so called 'right place at the right time' thecrylo 18
On the other hand, Sby03 alone, even up to 60 parts per hurdred by
weight (ptr) showed 1itt1e flame retardation as evidenced by the ASTM

D-1692-67T flammability test. However, in another study, Martin and Pricel9
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increased as halogen was added to the system, up to an atomic ratio of
three halogen atoms per antimony atom. Antimony halides had been shown to
be potent flame suppressants when directly volatilized into a flare. The
mechanism of an antimony-halogen synergism was proposed by Pitts et al.u

as followed.

Sb203 + 2HCL - 2SbOCL + }?20

5SbOCL 4, 25°-280°C, Sb405012‘+ SbCl3‘t

45b,04CL, 410°-475%€ SSb3OA01(S).+ SBCL4 ! -(3).
" 35b,0,C1 475°-565°C 4%263(5) + 56014t
© $03¢s) S8 S50

In the presence of an halogen(e.g., chlorine) source, szo3 formed
SbOCL which decorposed in three endothermic steps through the 245°-565°C
region, resulting in the evolution of SbCl, and leaving a solid S$b,0;.
The endothermic release of SbC13, in conjunction with its blanketi:xg’ effect
worked together to quench the flame. In the case for poh'm:et‘ume foam,
the large endotherm at 245 C was believed to be particularly helpful in -
lowering the decorposition rate of the foam just at the point when it was
begiming to accelerate and evolve flamable materials. The eff1c1ency of
this matching of the decomposition temperature between the flarmable subs-
trate and retardant additive had been cited as the key to good flame retard-
ation, the so called 'right place at the right time' theorylo'ls.
. On the other hand, Sby0 alone, ‘even up to 60 parts per hundred by
weight(phr) showed little flame retardation as evidenced by the ASTM

D-1692-67T ﬂarrmability test. However, in another study, Martin and Price19
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had shown that tfipﬁenyl'antinnny alone in concentration as low as three

Sb atoms per 1000 carbon atoms was an effective inhibitor for epoxy. They
proposed that the triphenyl antirony vaporized and carried Sb into the flame.
Another form of synergis:;\ worth mentioning is that of t‘he free radical
initiator system. Eichhomzo had shown that addition of snall amounts of
free radical }.nitiators .such as organic peroxides to polystyrene greatly
redu;r:ed the amunt of a halogenated additive required to achieve a self-
extinguishing rating or to reduce the self-extinguishing time to a given
level. Fc:)'r example, 5 phr of acetylene tet:rabrcnﬁde was required alone
to obtain a self-extinguishing rating for polystyrene. However, when 0.5
phr of dicumyl peroxide was used, only 0.5 phr of the acetylene tetra-

- bromide was required to achieve the same self-extinguishing rating. A

mechanism involving the attack of the polymer by the initiator and sub-
sequent reaction betwecn polymer &ézz;rents and the halogen compound was

proposed. later wbrk by Gouinlock et al.n 22

and Fenimore™® had indicated
that the observed free radical synergism might be primarily a dripping
phenomenon owing to a decrease of the melt viscosity of the burning polvmer.
The létter worker compared two experiments In which dripping was allowed
in one but not in the other. It was found that if dripping was allowed,
dicumyl peroxide was effeccive‘as flame retardant vwhereas if dripping was
suppressed, .the dicumyl peroxide was not effective at all. bripping is
usually mdesirable'because it can.act as asecondary ignition source.

The use of inorganic compounds as flame retardants and synergists is
of particular interest in this study. A wide variety of metal chelates
as synergists together with halogenate& compounds had been used to flame-

3

retard polysryrene2 . For exarple, expanded polystyrene containing 10

- percent chloroparaffin burned when ignited,but was self-extinguishing in
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less than 1-2 seconds when 0.5-1 phr of the acetylacetonates of Co(iII),
X'b(IIi), Cu(II), Mn(IIiI), or Cr(IIT) was used. In .another patent, combi-
nation of chlorinated biphenyls or polyphenyls with finely divided copper,
cuprous chloride, or cupric chloride had been shom to flame-retard sili-
cone elastomersza

Finally, it should be pointed out that the cambinations of flame
retardants do not always show synergistic effects. Antagonistic effects
may also occur. An anragonistic effect is one in which the sum of the
effects of the two components taken together is less than the sum of the
effects of the two camponents taken independently. A Celanese technical
bul].et:in25 had indicated that the incorporation of antimony oxide into
brominated epoxy resin containing ammonium polyphosphate had an adverse
effect on the flame-spread rating of the resins, .

Flamability Tests

. Flarmability tests for polymers are deéignéd to measmke the behavior
of polymers when exposed to an ignition source. These tests have been
designed and modified continuously as need develops to meet new regulations.
The most popular ones are listed in Tables 2 and 3.

In the testing and evaluation of flame refardants it must be remem-

_ beredu that, unfortunately, a flame retardant system which exhibits superior

performance over another in one fl'arrmbility test may not necessarily ex-
hibit superior performaﬁce in yet another test. It is also important to
remerber that more than one flammability test is required to evaluate ‘a
system in the laboratory. Even after thorough laboratorv evaluations

have been completed, the correlation of these data with actual burming ccrn-
ditions may be poor. Hence, a decision to promote & flame retardant should

not be based only on laboratery develapmental test data.
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ASTM D 635

UL Subject %
W Subject 758
UL Subject 83 |
ASTM D 568
ASTM D 1692
ASTM D 1633
ASTM D 28634, B
ASMD "C
ASMD "D
ASTM D 1929
DOT 302

ASTM D 757
HLT-15
ASTM D 2859

DOC FF 4-72
ASTM D 2843
NBS Smoke Chamber
AS™M D 3014

Table 2 1

Some Small-Scale Flame Tests

. borizontal bar
vertical (and borizontal) bar
insulated electric wire (horizental)
insulated electric wire (vertical)
vertical film-
cellular plastics, horizontal
SPI 45 degree test

. oxygen index, self-supporting flexible plastics
oxygen index, cellular plastics

~ oxygen index, £ilm or thin sheet
hot-air ignition furnace (Setchkin)
autorotive _ V A

. electrical incandescent rod (globar)

~ Hooker's intermittent test

pill test (tablet test), carpet & rugs DOC FF 1-70
& FF 2-70 - '

mattresses

Rohm & Haas' XP-2 stoke chamber

rigid ‘cellular plastics (Butler chirmey test)




Table 3 18

Some Medium-Scale Flame Tests

ASTME 162 radiant panel 18 x 6 inch specimen
Monsanto 2-foot tumel ;
AST1 E 286 8-foot tumel

‘Some Large-Scale’Fl:me Tests - -

ASDME 84 25-foot long tumel (Steiner Turmel)
. ASME 119 - building waterials, fire endurance

ASTM'E 152 door asserblies

ASTM E 108 roof coverings

ASME 163 window assesblies

In general,-test methods can be divided‘i.nto two classes. The labo-
i:atory deﬁelomntal tests and performance ces‘ts. For exzxrple; the small-
scale ASTM D 635 horizontal bar test26 and ASTM D 2363 oxygen index test27
belong to the first category. The former test studies the burning rate of
a plece of molded plastic and the latter test examdnes the relative flam-
ﬁabilicies of different polymers. The second category includes those tesﬁs
such as the smil—scale ASTM D 2859 pill cest28 for carpets and rugs;
medium-scale ASTM E 162 radiant panel test29 for flame-spread; and large-

scale ASITM E 84 turmel test 30, also for flme-spread.

Many small-scale tests determine the ease of ignition under specified '
conditions and.are often used in screening work. The oxygen index test .
developed by Fenimore and Martinal, is often used in the laboratory as a -

screening tool for materials with respect to their relative flammabilities
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because of its simplicity and good reproducibilicy. In this test, an
80 wm long rod or strip of materials is sobjected o & continuously
renewed atmosphere of oxygen and nitregen. The sarrle is ignited at its
upper end with a pilot flame.

The limiting oxygen index(LOD} is defined as thes minimum volume
percent of oxygen in an oxygen-nitrogen —ixoure which will just permit the
sample to burn in a ‘candle-like' fashi 27

0, .

o @
However, this test does not take inte considerations the convective heating
of the sarple and the turbulent mixing in the flae. While these conditions
are ma.iniy responsible for the excellent reproducibilirty of the test, they'
are also the primary éause for the lack of correlation of this test with
other burning tests, which mormally & include these factors. Another fac-
tor strongly influencing the outccre of 101 ceter—instion is the tendency
of a samle to melt and to drip. This process carcies heat away and gen-
erally leads to -too high a LOI valve. 10I values for some polymers are
listgd in Table 4. Another not so-often used test similar to the oxygen

index test is the nitrous oxide index test>

in which nitrous oxide is |
used ‘as the oxidant in a nitrous cxide-nitrogen atosphere, The limiting
nitrous oxide index is defined as in Equation & with nitrous oxide replac-
ing the oxygen. - .

Very often, none of the tests listed in Tables 2 and 3 give equiva-
lent results for any specific property. For exaple, flame-spread values
depend strongly on sample orientation and directica of air flow relative
to the direction of flame travel. The turmel test ASTM E 84, in which
both the air flow and flame travel ave in the sae direction, will give
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Table &

Limiting Oxvgen Index (LOT) Values of Diff_erent Polvrers?

Polymer . ) 101

(a) Polvmers tested as bars .-

Polyethylene ' 17.4
Polypropylene N 17.5
Polymethylene oxide - . 15..3
Polyphenylene oxide ‘ 28.5
- Poly(2,6-dimethyl)phenylene oxide 0.5
Folystyrene ‘ _ 18.3
Polymethyl methacrylate ' 17.3
Rylon 6 23-26
Polyethylene terephthalate | : - 22-26
Polyvinyl chlori;ie . 7 ) 38-45
Polyvinyli.dené chloride (Saran) €
Polyvinylidene fluoride (Kynar) - &3.7
Polytetrafluoroethylene (Teflon) . V95.0
Polyarylene carbonates ‘ 26-29
Polyarylene sulfones - : T 29-31

(b) Polymers tested as fabrics
Cellulose

_ 18-20
Polypropylene

Polyethylene _‘terephthalace
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" mxch faster flmrc-spread than the radiant panel test AST{E 162, in which

the two directions are opposite. Soke generatxon33 3 bv

sning polymeric
materials in addition to those derived from the flame retazdants themselves
- has become a factor of increasing concern in assessing ma:efials for build--
ing and home furnishing applications. The tumel test (ASTY E 84) and the
radimt pinel test (ASTM E 162) provide for determination of swke. The
forcer measures light absorption by means of a photometer and in the latter,

the solid smoke particles are collected by filtration and weighed.
Coxbustion Toxicology

The problem of cambustion tgxicology has warranted trvemendous atten-
tim in recent years. A biblibgraphyvof" published info:mtim on combus-
tim tmu:ology containing 47 references had been reported by }Llado35
Analysis of fire deaths had revealed that rost of the deaths were not due
to flame contact, but were a consequence of the toxicity of ewolved gases
from buming materials. The effect of sirultaneous oxygen depletion and
teperature rise is the major cause of these deaths. Unfortunately, the
laxge mnber of standardized tests discussed previouslv for defining flamma-
bili,ty criteria do mot include biological evaluation of the effluent gases
and particulates. This is a complicated matter because when standardized
" toxicity tests are to be cqnsidefed, a very complex series of factors w;Lll
‘came into play which can give different toxicity data fren evaluation of
the same materials. To this effect, MacFarland®® had described the diterma
toxdoologists faced in attempting to define the toxicity cf pyrolysis

products of polymers.
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Conclusion

Polymer flamability is an important social and scientific problem.
The expanding use of flame retardmts in recent years is the result of the
increase in the rumber of federal and state regulations, local codes, in—
surance underwriter regulations, and voluntary industry codes that have
necessitated the use of these chemicals.

The flame retardant chemicals industry faces a miltitude of challenges.
One of these will be the increasing demand for effective and safe flame re-
tardants in an ever-widening range of products. This demand will be inten-
sified by the new tegulations expected to be issued by the Consumer Pro-

duct Safety Coomission. additional demand is likely to arise from new

rules to be issued by the Department of Transportation, which regulates
the flammability of materials used in automobiles, tanks, aircrafts and
80 on and by the Department of Health, Education and Vielfare, which sets

- flammability standard for the interior materials of construction used in

hospitals and nursing homes.
The federal bari on Tris (t:ris 2,3- dibramopropyl-phosphate) , 8 rost

~widely used flame retardant in polyester fabric, has caused a severe les-

sening of interest in additive type flame retardants, at least as far as
the texile industry is concerned. Interest is shifting towards mherencly '
flame retardant fibers. The demise of ’I‘ris has caused the producers of
flame retardants in general to become more concerned than ever about the
safety of their products They are spending hundreds of thousards of dol-
lars to determine whether a product or potmtial product 1is toxic, muta-
genic, carcinogenic or otherwise harmful.

Despite the many factors tending to discourage research on new

flame retardants, sclentists are still attempting to find new compounds
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that are rore effective than existing flame retardants and especially

when used in low concentrations.

Fianlly, a tatter fundamental understanding of polymer decompo-

sition, the precursor to flammability, is »essent_ial to the development

of new flame retardants.
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CHAPTER II
HISTORICAL SURVEY or'mz APPLICATIONS OF PYROLYSIS OF POLYMERS '

Py*olysxs tectniques are arong the oldest -approaches to the study
.of the structure of polvme:‘m systens Vxlliaml in 1%0 isolated r.}k |
basic isoprene unit by pyrolyzing natural rubber in an iron retort
Staudinger and co—tmrkersz'3 Midgley and Hemeb', and Bassett and
Williams5 all pyrolyzed natural rubber at tenperamres between 275°-
700°C and obtained different concentrations of isoprene. It was based
 on this discovery by the early workers ‘that synt!;\etic rubbers were made.
" 1t was not until World War II that scientiscs the worid over stepped up
research on synthetic rubbers -that they were really concerned with pyro-
lysis. At tha' time, synthetic polyner chemistry was still in its in-
fancy and many of the chemical and physical properties of these naterm
remained unknown. Anong these properties thermal stability was one of
~ the rajor concerns. The object then was to establish a telationshxp
| between the structural formilae of polyrers and their refractoriness
under t:he influence of heat. The effect of double bonds and their fre-
quency in the micromlecular chain, the size and distribution of side
chains,’ on the ranber and size of fragments obtamed in pyrolysis was
-of primary concern. In the late 195(75 the object of pyrolysis was
_ about the same, however, more complex polymers and copolymer systems
were studied. .For exanple the problems of branching, degree of cross-
'linking, blends, stercoregularity, and the presence of blocks or grafts,
opened wp new averues for the applications of pyrolysis. Very often,
slow pyrolysis at suitable terperatures revealed weak links by prefer-
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ential fragrentztion awd knawledge of the sudbsecuent faroducts helped to
improve the polyre=ic svstem studied. _

Madorsky and S:‘*.:f:.:s6 fond that the types &d relative amounts of

" the pyrolysis products were finctions of the molecular structure and the

kind and frecuency of side grouwps. The therra’; stability and decomposi-

‘tion products coxld be related to the st trengths of the C-C bonds in the

polymer chai." i.e., saxndary > tertiary > quaternary. Thus ,pyrolysis
of isotactic polyvovopviens vzelded a lot towe light hydrocarbons than

i polynethvle:‘e as & result foid s;ﬁsma_s»a: the roTe reactive tertiary
carbon ators” . et y
Wall and Stres’ stodied the H)’.‘ff_e-’e:’:e i rhe thé-';'al decorposi-
tion behavior of Yimear and branched polvo e:" b\' pv*olvqis , The linear
polymer exhibited behavicor characteristic of a random decmmositim while
the branched raterials &id not. It was concloded that the greater “the
branching, provided: tat the branchies were longer than one carbon atom.
: the greater was the Tate of deccr*ﬁosvmn ard the more it was at variance.
" with random thm;y. Purthertore, polyner branching enhanced intrarole- o
cular transfer at T exense of intemnlem‘.ar transfer. Similar
studles with pyrolysis-gas chramatography, PGC, on high and low density
pblyethylenes had been re;\orted.by Kolb and i’al.'eerg and Detzr-Siftérlo.
These authors veperted different pyrograns for the Lwo polymer sarples.
In the latter stdy, the increase in content of butenes with increased
degree of branching vas attributed to the presence of CA'branches in the
low density polyethylene. This was confirmed by Qakes and Richardsu
who had observed preferential rupture neaxr the branching poim:s of par-

tially degraded low density polyethylene by infrared. Pyrolytic




28
preferential fragmentation had aleo been reported for condensation poly-
mers especially if the polymers contained phenf-l growps. PGC of phenol-
formaldehyde had shown that scissions usually ocamred at the side chains

The principle of preferential fragrentation as ohserved by PCC was
also used to study the facticicv of polyw**xp}'lé::eu; distinpguish between

random and block capolyma:su' 1, 16, 17

17,18

and determine the composition
of copolymers
Bowbaugh et al. v had shown that randcr.a copolymers of ethylene with
methyl acrylate or methyl’ methacrylate yielded ¢t prrolysis a lower ratio
of methanol to methvl acrylate or methyl rethacrylate, respectively, than
block polymers of the same corposition. Quintitative estimation of co-

polymer composition was obtained from gas chromarosraphic peak height or

area ratios for peaks that were characteristic for each component. Direct

camparison with calibration curves from polyers of kown composition was
required. Espositol® had demmstrated the soplicsbility of the internal
smdimtion tecmique used with PGC for the quantitative analysis of
thetha_crylate scyrené, ard styrenaﬁed allod resins in various coating
systems. o '

PGC offers a rapid reans of analys:.s of wolarile pyrolytic products

12

which were often done by mrf_a tire eqnsunir.g.sepa:atmn mt}pdsl -3 This :

21-24

. procedure had been used to study polyrers, such as polypropylene
polg,'isopx:e.t'lez5":"1 po].y(v'm}.'lc:h.lc:ride)32 -34 polvsx:v*ene and polyethylene
polybutme and poly-&-mth)lpmtme—ll polyes*e:s and many others.

This method had also been erployed- in the studies of the kinetics of poly-
mer decomposition over wide ranges of ta:peranm37; thermal propercies

4n the presence and abserce of additivesn and; wmechanisms of polymer

35
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décaréositionslg'zz’zl"ZG. These kinds of studies are extremly. impor-
tant in the investigations of flame retardation of poiymers.

The growing acceptance of synthetic polymers in the 1970's in appli-
cations requiring flame rétardation has prompted sclentists to go back
to basic research to make ne& high-temperature polymers oT to qualify

products with regard to the wore and more stringent flammability standards.

PGC and evolved gas analysis have played an important role in understand-

ing the mechanisms of polymer decomposition and how potential flame re-
tardants work to inhibit the corbustion of the solid polymer or to ex-
tinguish the ﬂaxté38'39. Furthermore, the problem of corbustion toxi-
cology has been of major concern in recent years and this problem will
never be solved without detailed studies of the evolved gases from pyro-
lysis. '
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CHAPTER III
EXPERIMENTAL ’I'EIIHI\'IC&IES OF POLYWER PYROLYSIS-EVOLVED GAS A.\‘ALYSIS(
Introduction

This .Ctnptewl: is devoted to the discussion of‘ the past and present
techniques of polymer pyrolysis and evolved gas analysis. Representativé
literatures in this subject can be divided into three eras. '

1. The pyrolysis pre-gas chromatographic era befm:el early 1950's,

2. The pyrolysis-gas chromatograpiiic era in the late 1960's, and

3. The present era of pyrblysié-gas chrdn‘atographic(PCC) on-line

identifications.
Tectniques of Polymer Pyrolysis-Evolved Gas Analysis

In 1949, Madorsky et al.l separated the pyroiyia‘tes of synthetic
" polymers by pyrolytic fractionation in a specially designed apparatus.
The sample‘was spreéd as a thin film on a platimm tray in é high vacuum
at 300°-500°C. The products of pyrolysis were divided into a solid resi-
due; a wax like fraction i;olacilé at the temperature of pyrolysis but |
ot at room tenperature; a liquid fraction volatile at room :erperanxfe
vand; a gaseous fraction wvolatile at 1_iquid nitrogen temperature.- The
liquid and gaseous fractions were analyzed with mass spectronetry (MS)
which rass range was limited to about 105. The wax 1iice fraction was

tested for its average molecular weight Q40) by microfreezing point lower-
ing method. ' '
Some atterpts were made to apply thev latter method to the determi-

nation of the average MV of the solid residue but the tg:perature drop

32
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was so insignificant that.the results were totally unreliable. At that
time, MS was a relatively new analytical technique and it required pre-

. liminary investigations of mass spectra of all individua.l puxe conpounds
in a mixture before it could be used with due calibration to analyze
sample mixtures. This imposed definite limitations and especially when
the mass range was soO limited. | | .

It was not until 195" vhen James and Martinz introduced gas chro-~
bmatography(&) that the problem of pyrolysis -evolved gas analysis could
be better dealt with. The sensitivity, speed,v accuracy and simplicity of
this method offered a rapid means of volatile products analysis which '
otherwise, had to be done by more tedious separation methods. The rﬁajor
requirement. of application of GC to chemical ‘analysis is that the sample
be a gas or liquiql with sufficiently high vapor pressure. This fits well
with polymer pyrolysis-evolved gas analysis. v

. When a pyrolysis unit is directly comected to the inlet of a GC,

a number of requirements must be met for the suc;essful separation of

the pyrolysis products. Parameters such as the duration of pymlysis,
the nature of r_he carrier gas, and the flow rate through the wnit, the
pressure, the quanz:ity of material, and the volv.xne of the charber are li-
‘mited within the permissible values for optimm C separation. Plug in-
troduction of sample i{nto the carrier gas stream is essential for good
e resolution; "In .general, two pro_cedures are being used for introducing
samples into the carrier stream of the GC. ‘The first procedure involves
condensing pyrolytic products ih'a cold trap and then by rapidly heating
fkne‘tfap, the products' can be introduced as a plug to the inlet of the GC.

The second procedufé amploys pyrolyzing é minute quantity of the ‘sam-
ple on a filament which is itself fitted into the inlet stream of the GC.
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The filament is heated by electric current.

Perry3 reported a typical filaent pyrolyzer used in the 1960°s.

It consisted of some form of metallic elements on which the samle could
be mounted and through which an electric cuxrent was passed. Most often,
the metallic element consisted of a platinm or nichrome spiral.

This type of filament p}-rolj"ief had several disadvantages. In some
cases, the saple was coated onto the filament by depositing from a suit-
able solvent and it was difficult to determine exactly how much sarple
was pyrolyzed. On the other haxd, solvent might also contribute to the
cracking pattern observed. In other cases, solid sample was placed on &
‘particular turn of the filament helix and hence a considerable temperature
gradient existed within the sarple. This led to irreproducible cracking
patterns.

Another disadvantage was the 11:11ted useful life-time of the fila-
ments. .The effect of carbon deposit on filaments after pyrolysis made it
:lmposs{ble to maintain constancy of temperatures unless coll currents were
aajusted accordingly. In additicn, the measﬁremnt of pyrolysis tempera-
‘ture had posed some difficulties and even if attempted, it was primarily
based on optical pyrometry. ' a

Even with POC positive identification of pyrolyzates at thac time

. remained a problem although soxe post-GC analytical procedures had been
used. PGC-MS was used but was not satisfactory because of the inherited
disadvantages of MS. PGC«Polamzx‘aohy with a specially constructed cell

- had been reported. This method was especially useful for polymers vield- -
ing electroreducible campounds. Major break through of pyrolysis-evolved
gas analysis occurred in the late 1960's with the advent of a host of new
analytical instruments, e¢pec111v those for post-GC on-line 1dentifications

L AT e i e
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Pyrolyzers were no longer individually designed by different workers in ‘
the field but were commercially available. This often meant better design
and more reproducible results. |

The first post-(C identification technique was vapor phase pyrolysis.
The £irst report of this kind appeared in 1968 when Walker and Wled
used this method to identify hydrocarbons. 'In géneral, the effluents from
a GC were introduced by interrupted elution into a high temperature pyro-
lysis unit in which corpounds were .irdividually decomposed into simple
molecules and separated again by another GC. The presence and to some
extent the magnitude of some cémponents such as 00, CH,, 00,, CoH,, C2H6',
HoS, NH3, 0,0, and CqHg, offered_f\m:idnal grop analysis. Whether a com-
.pound was a hydrocarbon, an acid, an ester, an alde.h_vde, a ketone, an al-
cohol, or a mercaptan could be det.emined6.

Merritt and DiPiev’:ro7 had reported a working gravh of retention
volume versus carbon mumbers for different types of campounds. A couplete
bibliography of vapor phase thermal ‘frag:mtatim wag published by Samers.
On-line elemental érmlysis of GC effuents for the determination of respective
ampirical formulae was reported by Liebran and eo-mrkersg.

More recent post-GC on-line identification ;edmique'involves rapid
scan vapor phase infrared(IR) spectmpmtdnetrym. This method is not
without its limitation. For pure corpounds, the detailed structure of an
IR spectrum almost invariably permits um.que fmgerprint identifxcation of
a compound when a matching reference spectium can be found. However, IR
will not be very helpful for members of a harologous serles, e.g., for
hydrocarbons with various chain length andfor substituted alkanes. The
most. recent development in post-GC identification is the combination of TR
and nuclear magnetic fesormce(b&ﬁ{)ll. NR ocuxilenents the IR and is able
to provide the additional information .f‘or identification.
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Interfaced Pyrolysis Gas Chromatographic Peak Identification System
(IPGCS)

Thermal decomposition of polymers is a wvery. corplicated process.
In pyrolysis experﬁrmﬁs, small samples are decorposed into many products
which have to be collected for analysis. One usually finds serious dis-
crepancies in the literature with regard to the results ‘of thermal decom-
position of polymers, particularly those pertaining to rates and activa~ .
tion energles. These discrepancies are probably due to differences in
apparatus, pro;:edures. rethod of measuring terperatures and loss of weight
of samples, as well as to differences in the methods of analysis of the
res\;lts'vby different workers. Therefore, in order to compare results,
it is essential to know the configuration of the apparatus and the experi-
mental procedures employed by other workers.

The following is a brief déscription of the versatile IPGCS used
in this 5mdy12. It inoorpcrat:es_ instrumentation for thermal decouposi-
tion under slow and ultra-rapid temperature rise corditions. Evolved
wolatiles ére transfen‘ed' to a master trap manifold where precolum pro-
cedures may be épblied prior to GC separation.- Identification of each
individual peak is thén' peffomed on-the-£fly by rapid scan vapor phase
R specy:rophotcme:ry;v elemental analysis for carbon hydrogen, oxygen,
nitrogen, etc.; functional group fingerprinting by vapor phase pyrolysis;
-and molecular weight determination by differential gas density measure-
ment (Mass Chromatography). An {nterfaced laboratory camputer is availa-
ble for data acquisition, reduction and control. A block diageam of the
TPGCS is shown in Figure 1. In order to make clear the operation of the
system, a brief discussion of each individual ‘instrment follows.

The MP3 multi-purpose thermal analyzer is rarufactired by the Spex
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Industries. It pyrolyzes sample at.programred rates from 4° min-l‘ to 40° -
min-l wp to 1000°C. It was modified by the addition of two laminar flow
controllers (HGC 187; Analab) which provide controlled atrospheres of up
to three gaseous mixtures. The CDS 820 (Chemical Data Systems) consists
of a Pyroprobe 100 capable of delivering to a polymer sample a maximum
heating rate of 20,000° sec-l; the CDS 820 provides a controlled atmos-

--phere for the Pyroprobe.

The master GC is a Varian 2760 instrument with thermal conductivity
and flame ionization detectors. A second Varian 2760 GC-2 serves for ana-
lysis of samples from two sources, pyrolysis précmcts) from the CDS 820,
and’ from the structural determination function of the CDS 1200. The latter

instrument (Chemical Data Systems) is a functional group and elemental

.analyzer which generates a vapor phase thertolytic fragmentation pattern

for functional group analysis and also performs elemental analysis. The

effluent from the master (C is split so that 10 §ercent of it is directed
to the detector and 90 percent of it to the (DS 1200. A stop-flow valve
admits one peak at a time chusvembiing the analvsis of all the components
of the pyrolysates without appreciable peak spreading. The use of CDS 1200
in organic analysis has been discussed by Liebman et al.g.

The Norcon 201 rapid scan vapor phase IR spectrophotometer is a double
beam grating instrument which scans a specﬁrum from 4000 to 670 am L in |
either 6 secondsor 30 éeconds,wit:h recycle times of 8 and 40 seconds, res-
pectively. Its wavelength accuracy is + 0.05: with + 0.025u reproducibilicy.
The sample cell has a volume of 5 ml and is constructed of gold coated glass
(4 % 4 mm cross sectiom, '30 em in length). The path length to volume ratio

48 6.0 a2, The cell is enclosed in an oven repulated to + 2.5° from 120°

to 250°C. The Norcon 201 is connected to the master GC through heated

transfer line. Effluent fraction of 0.025 ) is mfficiént to yleld a good
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spectrum.  The Norcon 201 is interfaced with a PDP 11/10E computer system.
This system has a RT 11 foregromd/background operating soft ware,  FORTRAN,
and Lab Applications Program Lib"arv V03 which contains SPARTA and THRU
programs for data acquisition and a IRFLAV program for the acquisition
of IR spectral data with digital filtering. Another routine, IRSPBA,
performs background subtraction, and spectrum print out.

The MC-2 mass chrc‘:matograph‘ (Spex Industries) determines mlécular
weight of GC eluent through differential gas density mearsurements. A
sarple is split into two equal 'fract‘ions; they are carfied by two different
gases @, and Freon 115, through two matched GC colums into density

balarce detectors. The molecular weight of the unknown s obcamed from

(Ay/A%) K Micy = Mg,
(A /ADK - 1

Q)

where the instrument constant K is calibrated with asubstahce of kncwn
wolecular weight, M., ' ' '

- MY
K = (.il_.) (_______9“_1_) :

Az M\’ - H\mz

@

* In these equations M,y and My, are the molecular weights of the two

carrier gases, and Al_/-A2 is the ratio of peak height response of a stand--
ard for the detectors. '

The accuracy for the determination of molecular weight with \C-
depends upon the instrument constant K (Equation 2). The best results are
obtained for values of K determined with known compounds having molecular
weights neariy the same as the unknown. Lloyd et 81.13 had developed a .
least équare curve fitting program to fit the calibration K values to a
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polynomial which was then used in an iterative procedure to calculate the
mlecular weights of the unknown. The molecular weights thus cbtained
are accurate to + 1 mass wnit as judged by comparison with mass speccrcnet:_:liC
results. The advantages of the sirple MC-2 mass chromatography are offset
by the loss of information about geometric isomerism. Therefore, the tech-
nique must be used together with mass spectrometry.

In addicinn to the above IPGCS system, other thermoanalytical tech-
niques were also employed in this wxjk. This includes a conventional pyro-
lysis-GC-MS system which consists of a CDS Pyroprobe 100, a Perkin-Eim;r

.990 CC, and & Ritachi-?erkin-Elmer.EMU 6L MS, as well as a DuPont 900
thermal analyzer. ' ’

The CDS Pyroprobe 100 i{s based on a precision platimm elerent that
serves as a temperature $ensor, heater and sanple'l'aolder similtanecusly.
This element forms one leg of a corventional kheatstone bridge circuit
and the temerature setting control forms a balancing leg. By electyo-
nically programming the balancing leg, very rapid linear heating rates are
obtained. »

“The DuPont 900 thermal analyzer is the basic console of the DuPoat
modular thermal analysis system. A variety of modules and accessories plug
into the 900 therral analyzer. These include modules for differential
thermal analysis(DTA), differential scanning calorimetry(DSC) ,themogravi-
metric analysis(TGA), ard thermomechanical analyﬁis('n\@.) .

Experimental Procedures

Typical pyrolysis — evolvéd gas analysis experiments in. this stady

are described as follow.
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To get a pyrogran with the IPGCS, the instruments involved were the
corbination of the 73, ihe master trap manifold, and the master GC.
Weighed polymer sxple was placed into the quartz ﬁube at the inlet of
the MP3. The tube itself was positioned between the two halves of the }®3
oven a.rd was constantly purged with a gas depending on whether it was
pure pyrolysis cr oxidative pyrolysis; at 25 ml min 1. ﬁeam&\ile, the
glass bead trap on the paster trap manifold was rapidly heated to about
300°C and whatewer residual substances in it were vented. A blank chro-
matogram was then s obtained with the separation colum in the master GC

to ensure that o alien compound remamed in the colum. The master GC

. was then cooled and ready for experiment.

The MP3 oven was first heated to some final temperatures as deter-’
mined by a pre"*cw TG\ on the same polymer When the oven had attained
its final teperazme, it was then moved towards the portion of the ‘quartz
tube which contained the sample. About 30 seconds were required for the
oven to equilibrate to its final temperature. The .sanple'was held at scmeb
pre—determined periods of pyrolysis time. A fan was used to cool the oven
rapidly after each pyrolvsis ‘

The pyrolytic products, carried along by the carrier gas, passed
through heated transfer line to the master trap mani fold where they were

" collected in the glass bead trap at liquid nitrogen temperature. The

trap was then heated rapidly and products were backflushed into the separa-

- tion colum in the master GC. The pyrogram was obtained with a flame iond-

zation detector and/or a thermal conductivity detector.
For post-GC on-line identification involving rapid scan vapor phase

IR, the delay time; at fixed GC carrier gas flow rate, IR oven temperature,

) and"heated transfer line temperature; was determined. The delay time
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allowed the sale to pass through the heated line from the master GC .
detector to the IX saple cell. Acetone was used ‘for' this purpose and it
was injected through the master (C to the IR spectrophotometer. The delay
time was then obtained by a calibration chart provided by the manufacturer.

A reference pyrogramwas first obtained so as to decide which peaks
were to be sarpled. The select valve on the master trap manifold was then
turned to IR for szpling. Another pyrogram was obtained under similar
conditions and vhen a peak of interest was eluting, a remote control switch ‘
was activated and the IR spectrum was taken after the pre-set delay time.
IR data acquisition, background substraction. and spectra print out were
performed by the PDP 11/10E computer.

‘ For post-GC identification involving vapor ohaae pyrolysis a refer-
er_ﬁe pyrogram was again obtained by the master GC. The select valve on
the master trap ranifold was turned to the (DS 1200 for sampling. An iden-
tical pyrogram was then obtained and peaks of intereqt were introduced into »

.the instrument by interrupted elution. Vapor phase pyrolysis was perfomed

at’ 800°C by non-catalytic thermal dissociation in a gold reactor. Eight
minutes were requiréd for a corplete dissociation reaction. Pyrogram for
each compound was then obtained by GC2.

For post-GC identification involving molecular weight determinations
by the MC2 Mass Chromatograph, the latter instrument was first calibrated
by n-alkanes injected directly into the instrurent, Pyrolyzates were
&amsferred directly from the MP3 to the trap on the MC2 instrument. The
trap was then heated rapidly -and the products were backflushed into ﬁhe
dual colurms for separation. Gas denéity balance detectors were used and
the molecular weight of each product Qas‘ determined from its respective
peak heights by the least square curve fitting program develqpéd by Lloyd

et 31.13.
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For post-GC identification involving MS, a combination of MP3, Perkin-
Elmer 990 GC, and Hitachi-Perkin-Elmer RMJ 6L MS was used. Of these three
instruments, only the MP3 belongs to the IPQCS. The sample was pyrolyzed
on the ﬁPB and products were collected in the glass bead trap in liquid
nitrogen at the master trap manifold. The glass bead trap, vhile still in
1iquid nitrogen, was detached from the manifold and hooked onto the inlet
portion of the Perkin-Elmer 990 GC. The trap was wound with heating wire
and was able to heat up very tapidly to 250°C by Powerstat. 'Ihe settiﬁg
on the Powerstat and the heating duration were pre-determined by a thermo-
couple. The trap was then heated and products were sent into the GC. A
reference pyrogram was first obtained. This was followed by an identical
run where as a peak of interest was emerging, the splitter valve.to the MS
was opened to admit che sample

Finally, the rates of decamposition of the polymer were obtained by
weighing the residue after each pyrolysis at different temperatures and
for different penods of pyrolysis time. The activation energy for the
pyrolysis process was determined frcm the Arrhenius equation.

K-Aw(‘—jg?—)’

where K = rate constant
' A = frequency factor
R = gas constant
T = absolute térperatw:,e
E = activation energy
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Conclusion

The tectniques of pyrolysis-evolved gas analysis have indeed come -
a long way to the present status through better instrumentation. In the

pre-GC era, pyrolytic fractionation was the only method of separating

pyrolysis products. Product identifications were carried out either by
primitive MS or by microfreezing point method. The introduction of GC
greatly fac.ilitated the separation process, however, post-GC identifica-
tion of evolved gases still remained a problem. Although a good separa-
tion method, GC is a poor qualitative and quantitative tool which requires
extensive calibrations.

Recent post-GC identification tectmiques employ vapor phase pyrolysis,
elemental analysis, .rapid scan vapor phase IR and/or NR, and MS have
definitely enhanced the study of evolved gases. This is important 'Ln
(n'xdetsténding the mechanisms of flame retardation of polymers and in qua-
1ifying products to meet flamability standards. '
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CHAPTER TV
PYROLYSIS OF POLYPROPYLENE
Abstract

Amorphous and semi—crystallme polypropylene(AP? and I??) were
pyrolv"ed in helium from 388°-438°C with a novel interfacad pyrolysis gas
dmratographic peak identification sys;m(IP(IIS) The products were

» identified on-the-fly by mass chromatography and mass s:ecm:x} The
products were mostly olefins and a simple mechanism was :&:cp:sed which
irvelved intramolecular chain transfer processes of the primary and se-
condary alkyl radicals, -the atter radicals being of greater importance.

The pyrolysis of polypropylene in inert atmosphere followed first-
order reaction kinetics and activation energies of 51-36 Real mle'l were

determined for the two polypropylene samples.
Introduction

When various polyrerswere burned in air in a 'candle-like' —
the maxirum flame terperatures were 490°-740°C and the terperatures of the
melt surface 230°-540°C. Burgé and Tipperz found the terperature of poly-
ethylene to be 400°-500°C at the burning surface decreasing to 200°-300°C
st 1 cm below the surface. Whether .che temperature being greater when the

deccrposition processes for the polymers are pure pyrelysis or oxidative

pyrolysis is still 1arge1y unsettled. ,

It had been shown that the oxygen eommtracion 1 m above the surface
of a burning polyethylene rod was only about 1 percmt . Similar results
were reported for pdlypro‘pyleneB. From this it may be inferred that tiae
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pol}.-m:'i.ﬁ the melt surface may be oxvgen depleted. On the other had,

the rolymer firther below r.he surface probably contains the usual am=nt

of dissolved oxyren. . It is likely that oxidative pf:csl» siz contributes
significantly or even predard;mtely to the liberaticn of wlatile el

+stible fragments from the.pol\mer. The relative ‘Lrgﬁrtance of mre.
pyrolysis and oxidative pyrolysis can only be established by e_\,W‘*ﬁu&
tion. This study deals with the pure thermal deg:c::z:osztmg of polvorooy-
lene. The results on APP and IFP are presented and corpared with reported
staiies. The IPGCS and the flash pvrolvsis-GC—bS system used for ex experi-
mentasion were described in Chapter ITI.

"Experimental

The APP used was the unstabilized Eastobond M-SW(x12815-14-1) £rom
Termessee Eastman. The polymer was washed with benzene, precipitazed with
acetone and vacun dried for 2 davs., The semi-crystalline polypropylene

was Profax 6501, unstabilized IPP from Hercules Incorperated. It has a

_cxyszallinity of 61 percent as determined from its’ densityl'; a weight-average

molecular weight of about 24,000; a molecular welght »d.is:ributim of 11;

and an ash content of about 0.01 percents. “The polyter was used without

. prification.

In the flash ﬁyrolysis-GC—.NS'.expermmt about 1 rg of IPP was welghed
into a quartz tube which was inserted into the hearing coil of the CDS
Prcorobe 100. The latter was fitted directly into the .injection port of
the Perkdn-Elmer 990 GC. The GC was operated at a ranifold terperature of
220°C; injector temperature of 210°C; GC#S interface tenperam:é of 255°C;
Be carrier gas flow rate of 83 ml min"}; and with a flae ionizaticn .
detector. Sanples were pyrolyzed at 600°, 650°, 700°, 750°, 800°, 850°,




900%nd 950°C ac & heating rate of 20,000°C sec’l. All samles were pyre-
" lyzed for 20 Sf*:\:f".'ris at -vt‘hesza final texperatures. v
‘ "Péo colums wive used to séparate the pyrolysis products with tem-
rame Pro; z*:n";iz‘v from 1° mir'\'-l o 6°C minal. A Porapak Q colun <&
X 1[8" 0 D.) was used to separate the lcw—boilmg cov:oomds and a & per- )
-cent SE 30 on ASS colum (6 fr x 1/8" 0.D. ) vns emloved for higher boil- ]
ing products. This was fo}lowed by identical runs whire as a pgax of _::-_f ‘
terést was just eerging, the interface splitter valve waSQDened to afdt
the sample into the ¥S. The latter was operaﬁed at an electron energ' of
70 eV ad 2 fm' current of 3.4 amphere.

Therrograviretyic analysis(TGA) for APP and IPP at a hehm Tow
rate of 25 =1 min -1 and a heating rate of 30°C min -1 was perfomed with
the Dufent 900 thermal analyzer. These experiments provided the choice
of terperatures of pyrolysis for comveniently measureable rates.

All p}-mlyses wiﬁfthe IPGCS were performed with the MP3 multi-
purpose therral analyzer. The instru’mt was operated with a casting’
temperature of 225°C and a transfer line (from the MP3 to the master trap
manifold) terperature of 300°c. 'me oven was first calibrated with a
Rewlett-Packard digital voltmeter 3439A. 'l'he calibration was per formed
-by inserting an iron-constantan thermocouole through the rubber septuz
into the quartz tube sample holder. The latter was purged with helizn
carrier gas at 25 wl min"} as if in actual pyrolysis experiment. A tem-
perature calibratlm curve wag thus constructed.

About 2 rg of polymer was weighed into the quartz tube of the M23
and was purged with helium for 4 minutes so as to get rid of resicdual air
in the system. The polymer was then pyrolyzed at 388°, 414° and 438°C at
a heating rate of 40°C min'l and with a helium carrier gas flow of 25 ml
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min'l. The products, after passing through' the master trap manifold,
were collected in a 1 ft x 1/8" 0.D. glass bead colum in 1i§uid nitro-
gen. The master trap tanifold was operated at about 280° C. After all
of the products had been collected, the glass bead trap was heated ramdly
to 300°C and the products were backflushed into the master GC for separa-
tion. The transfer line from the master trap manifold to the master GC,
and the inlet porticn of the GC colum were all operated at about 300°C.
The low and high—boiﬁng hydrocarbons were separated respectively
. with a Chromosord 102 colum(l2 ft x 1/8"0.D;) arid an 8 percent Dexsil
300 GCon Chromsorb 1P colum(b ft x 1/8" 0.D.). The pyrograms were
'obtamed with a e mzatian "detector. At a helium carrier gas flow ’
xate of 14 ml tin 1, the colums were first kept isotherr“ally at 37°C for
3 mix'mtes.‘ then prozrammed at 4°C min® -l ¢5 a final temperature of 250°C
for the Chromosord colum and to 300°C for the Dexsil colum. The mole-
cular weighfs cf the ﬂa‘ucts were déteﬁﬂ:{éd with the FCZ Mass Chroma-
‘tograph which was pre-calibrated with n-alkanes. - The relati\ie weight'
percentage of the products were calculated from t:he iritergrated areas of
the GC peaks takdng into considerations the attenuation factors. Diecz6
had shown that the flave ionization det;ectcr is equal‘.ly sensitive to al- -
most all hydrocaxbens.

For kinetic studies, the MP3 oven was first heated up to ;88°C and
then moved rapidly over to the sample which was at room terpera:ﬁre.
Thirty seconds were reqiired for the oven to return to its original tem-
perature. Since the sample tubing was only S m in 0.D., it was assuned
that the sample also attained 188°C in 30 seconds. The oven was cooled
with a fan after each ;Syrolysis and the weight of the residue was obtained

with a microbalance. The experiments were A,repeated at 414° and 438°C res- V

pectively and for different periods of pyrolysis time.




Results

Figure 1 shaws the TGA curves in heliun for APP and IPP respectively.
Figure 2 compares their corresponding percent weight loss versus tempera-
tures. From this figure, the temperature for 50 percent weight 1o§s of
. each sample can be obtained. _'Ihe results _of the rates of pyrolysis for the
‘two sarples are shown in Figure .3. The pyrolysis processes followed first-
order reaction kinetics asshbwn in Figure 4 vhich 1s a semilog plot of the
weight of polymer residue versus pyrolysis times. The activation energles
were determined from Arrhenius plots as shown in Figure 5. The rate con-

stants at different temperatures and the activation energies for the pyro- A

lysis of APP and IFP are sumarized in Table 1.
Table 1

Kinetics of the Pyrolysis of APP and TPP in Helium

Rate Comstants, sec

Tew, °¢ | are e
8 3.7x10%  4.0x107
414 ' C1ax10? ) 11x1073

438 ' 7.6x103  6.2x 107

Activation Energy, Keal mole™! 56 51

By comparison, IPP decorposed faster than APP at 388°C but more
slowly at 438°C. This was ref_le;ted by a lcmer activation energy of 51
Kcalnmle'l for TPP. The accuracy for che activation energy ié about 10
percent. The lower activation energy of IPP {s probably due to the cata-

lytic ‘effect of the ash that remained in the polymer after. polymerization.
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“Tomi. ta7 had shown that the thermal degradation of poly(ethylene tereph-~
thalate) was accelerated by residual metal catalysts

The pyrograms of IFP at 438°C are showm in Flgures ‘6 and 7. 'Ihe
numbers adjacent to each peak represent the decector atteruation factors
The products and their distributions are shown in Tables 2, 3,and 4, In
Table 2, the molecular weights were determined by mass chromatography.
The first three peaks of the MCZ pyrogram were thearted by the instability
of the base line during the first few minutes of operation. These cot-
pounds were identifiéd by retention. times of authentic corpounds and
verified by vapor phase pyrolysis with the CDS 1200 instrument. The
chemical structures of these products were obtained by MS.

Table 3 shows the relative weight percentage of each product bas-
ing.on total volatiles wp to Cj3- Table & shous the product distribu-
tions of the pyrolysis of APP and IPP at 388° and 414°C, pyrolyzed for
60 minutes and 3 minutes respectively. Table 5 presents the fragmenta-
tion patterns of the major flash pyrolysié products of IPP from 600° to
950°C. ”

Similar products were obtained by the slow and flash pyrolysis
(Tables 2 and 5) despite the huge difference in temperatures. The rates
of product formations at 414°C are shown in Figures 8 and 9. These fi-

' gures are normalized for each producc and shcw the fraction of the product
obtained as a function of time.
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Peak

18
28
,35

O 00 ~N O wn &

10
11
12

14

Table . 2 -

Molecular Yeight

Pyrolysis Products of ‘Poly(propvlene) at 438°C

Hydrocarbons®

55.7
70.0

. 81.2

96.8
110.0

“123.5

125.9
139.5

- 157.5 .

168.2
180.6

c}'ia (methane)

. CZH6 (ethane)

C Mg (propylene)
CHg (isobutylene)

‘ CSHIO (Z—pe_ntene)

Celtyp (3emathyl-1-pentenc)
CHyo (3-methyl-3, S-hexadiene)
C8H16 (4-methyl-3-heptene)
C9H16 (2,4-dimethyl-heptadiene)
C9H'18 (2,4-dimethyl-heptene) .

Gt
' C11H22 % ,6fdinethyl-3-nonerie) .

Cyotoy (2,4, 6-trimethyl-8-nonene)
1o,

81dentified by retention time and vapor phase pyrolysis

brblecular weigﬁt- determined by mass d\ra&\atography

cSt:rut:tux'ej determined by mass spectrametry
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Relative Weight Percéntage of Pvrolytic Products of TPP and APP at 438°C3

Products - __]_._
CH, - 0.08
CoHe ;.3
CHg 9.7
CHy 2.0
CsHyg 15.0
CeHyn 9.4
Gy 1.4
Collyq 41.0.
Crofo 2.2
Cyt 1.5
Cr oty 10.0
iy, 16

unidentified 4.7

IPP

0.08

1.2
11.0

2.6

15.0

10.0
1.8
40.0

1.8

1.5
9.4
1.6

3.8

Pyrolysis Time, min
A L
0.1 0.1
1.0 - 1.2
10.0 13.0
2.5 3.1
14.0 16.0
9.4 11.0
1.6 1.9
40.0 35.0
2.1 2.2
15 13
9.7 9.4
18 1.6
6.7 4.7

N

2

—

0.08
1.0
1.6
2.9
14.0
11.0

1.8

40.0-
2.2
1.2

. 8.7

1.6

5.1

A
0.13
1.3
16.0
3.5
16.0
12.0
1.6
3.0
2.2
1.5
9.0
1.7

3.5

aOhta_ined by MP3 pyrogram




Pvrolysis Products of Polv(rrosvlere) at 338° and L1258

Tahle &

A

CsHyo

Celyy -

CoMyo
Cotg
Crot20
Critly2
Ciaty
Cy3tg,

Pvrolasis Tereratiwe, C
,

358 L
wWt. % Of yrcéu:ts wWt. @ Of producss
P i+ e IR
0.09 0.5 008 012
0.9 0.7 1.0 1.6
9.0 7.0 1.0 - 12.¢
2.7 1.8 2.7 2.1
15.0 140 7.0 195.0
12,0 1.0 1.0 12.0
1.1 1.0 1.6 14 -
43.0 . 45.0 0.0 3.0
17 - 1S 2.2 1.5
24 341 1.7 X
1.0 1.0 1.0 120
1.4

1.6

1.3 1.2

btained by MP3 pyrogran
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Table 5

Identification of Pyrolvsis Products of Poly(propvlene)
by Mass Spectrometry ) -

;r:_oii}:_t_ ‘ Fragmentation Patterns in Mass Nrbers
Methane 16, 15 '
 Ethylene 28, 27, 26
Propylene ' 62, 8, 27
" Isobutane L 88, 43
2-Pentens 70, 55, 42, 41, 39
3-Mothyl-1-pentene 84, 69, 56, 41
3-lethyl-3,5-hexadiene 9, 81, 67, S5, 41, 30
4-Methyl-3-heptene 112, €9, S5, 41, 39, 27
| 2,4-Dimethyl-heptadiene 124, 123, 109, 95, 82, 67, 55, &1, 3¢
4,6-Direthyl-3-nonene 154, 111, 85, 69, 55, 43, 41, 39

2,4,6~Trimethyl-8-nonene 168, 153, 125, 111, 97, 83, €%,.57, &3

2,54,6,8,10-Pentamethyl- 222, 207, 179, 166, 151, 137, 123,
3,9-undecadiene 109, 93, 83, 69, 55, 41 :
2,4,6,8,10ePentamechy1- ' ,22&,- 210, 168, 153, 141, 125, 111, 97,

1-undecene )

83, 69, 57, 43
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Discussion of Results

There have been quite a few fublished studies of pyrolysis of poly-

propylens. They are more in discord than in agreement. Different kinetics,

~activazim enercies and products were reported due to variations in experi-

mental condivioms, procedures apparatus and sarple size used.

wall and S:r~us found the raCe of wolatilization of polypropylere
at 375°C to increase rapidly to a maximum at 40 percent conversion then
decreasad repidly w 'u;h further heating Similar behaviors were alsc ob-

served for mlvethvleneg, however, branches longer than a methyl growm

 were fourd to eliminate the maxima in the rate curves even when present

9

3 > 1
in quire low concentration”. 0'

On the other hand, Madorsky and Straus
and this work Sound the kinetics of pyrolysis to be first-order.

Bven though the pyrolysis. of polypropylene is mechanistically cor-

plicated; the kinetics are first-order because the rate determining step is

the hxelysis of the ‘C- C bond describable by a well defined rate constant.

In this s’u..\ the actxvation energiee for the pyrolysis of IPP and AF“
-1

" were 51 md 56 Kcal mole — respectively. Other lir.eracm'e values were

59 Keal ole ! measured at 380°-400°C by Straus and vallll; 58 Kcal molet

" in the rage 3:5"-410 C reported by Madorsky'%; and 55 Keal role’! found
by Moiseev et al.13 in the temperature range of 320°-420°C.

The ciffererce in the activation energles for IPP in this st:udv ard
others is probsbly due to the difference in molecular weight of the sarples.
Madorsiy™® in his text had tabulated the relationship of molecular weights
versus activation energles for the thermal degradation of high density
polyethylene. The activation ‘energ:«; decreased from 61 to 53 Keal mole™t

for saples fi:h molecular weight of 23,000 and 16,000 respectively. The

S A i S el e e N B R D wan R
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difference in activation energies can also be dﬁé to the difficulty asso-
bciated with temperature measurements. Madorskyn had shown that these mea-
surements deperded on the relative positions of -the sample and the thermo-
couple. In this study, p_yrolysis temperatures depend on the precise caii_.-
bration of the MP3 oven. The maintenance of an uniform temperature through-
out the polymer sarple due to its poor conductivity could also be a problenm,
especially when the decarposition reactions involved are endothermic. .
_The pyrolysis products in our work were found to be predcx.ﬁnmtly
olefins. Small acumt of methane was found at all temperatures. Minor
quantities of ethane were cbserved at 1ow ‘temperatures ‘and isobutane in
flash pyropysis. The rost significant difference between slow and flash
pyrolysis at high .ter.pa:atures was Cq hydrocarﬁons. In slow pyrolysis.
2,4 dimethyl heptene was the major product and 2,4 dimethyl heptadiene was
present only to a mi:br extent. However, in flash pyrolysis, only the
-latter product was observe&. The formation of 2,4 dimethyl heptadiene is
probably due'to the secondary reaétion of .2.4 dimeth'yl heptene. The ab-
gence of this latter product in flash pyrolysis could be either due tb
non-preferential fragmentation of flash pyrolysis or to the higher tem-
peratures in this experiment.

The major products shown in Tables 2, 3 and &4 were peaks 3(propylene) .'

. 4(isobutylene), S(2—pentené), 6(methyl pentene), and 10(dimethyl heptene).

Significant amemnts of 13(trimethyl nonene) ‘were also identified. These
results are tost similar to those of Tsuchiya and Sun:L15 except for certain
products. Their major product was also 2,4 dimethyl hepteme. However, they
found pentane as one of the major products, they also identified 4 methyl
heptane, They did not identify pentene, 4 methyl heptene and 2,4 dimechyi

.
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heptadiene which were found in this work, The discrepancy could be ex~
plained by different experimental conditions in the two studies. Tsuchiya
and Sumi. perforred the experiment in vacun whereas in this work pyrolysis
was conducted in a constant sweeping atrosphere. The main products were
found by Moiseev et al.13 to be. pyropyléne, isobutylene and pentene. At
the other end of the spectrum, Bailey and LiOtta16'17 found that at 340°C
pyrolysis of polypfopylene yielded 80-90 .pe'rcent propane and 65 percent

n-pentane at 380°C.

o Madorrskyu‘ studied the pyrolysis products over the widest temperacu;e'

range from 380°-1200°C. At the low terperature regions; propylene, iso-

_butylene, butane, pentene, pentane, >and hexene were the major products.

However, the amount of>pentane found was only 11 mole percent as corpared
to 65 and 31 percent reported by Baiiey and Liotta16, and Tsuchiya and
Sumi 1 respectively. }hdofskyu’ also cbserved ﬁhac between AOO°;800°C,

the_ major products were produced in nearly the same amounts except for pro-

pylene, the yield of which increased suddenly s'uggescingmzipping of the

_polymer. S¢hooten and &ren‘niv.xs]‘8 pex formed pyrolysis hydrogenation-GC

study on polypropylene. The limitation imposed by combining olefins and
paraffins precluded a more complete explanation of the mechanism. ‘
Finally, APP and IPP seemed to be sliphtly different in their pyro-
1ysis behavior as had also been roted by Bresler et al.lg. This study had
shown (Figure 2) t&zaﬁ‘the‘ temperadxres for 50 percent decompisition of APP
and TPP were 425%and 410°C respectively. Howevér, the differences are not
too great and theix ;igxificance needs further verification.
A In qrder to reconcile to some degree the above cited results, th_e

mechanism for pyrolysis 6f polypropylene needs to be considered. The
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mechanism comonly accepted is based on those proposed for the gas-phase

degradation of simple hychfocarbonszo 21

Chain Initiation

H H CH
aman € = CHy=C = Gy C = Ci,y
| | |
Gy @y O
H H w H
-+ awan G- (:Hz ¢~ CHZ +WA'C-—CH2—-C~ - (L)
| | | |
ay O CHy C
o) a

In Equation 1, I is a primary aliphatic radical and I is a secondary radi-
cal. In highly stereoregular and pure polypropylene initiation is the re-

gult of thermal homolysis. However, most comrércial polymers contain small
percentages of impurities and structural irregularities. .Chain initiation

via scission of weak links camnot be ruled out as a possibility. '

Unzipping (depolymerization)

H o .
oo — Lo ;' + CHy~C=CH, (propylene) )

or polymers with low ceiling temperature, such as poly( a-methylstyrene)
and poly(rredxylnethacrylat:e) mzipping ig the predominant ‘degradative
process. However, this is unimportant for pyrolysis of poly(propylene)
at low temerature. Unzipping beccmes more important above 800°C but

still is mot the dominant reactien.
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Chain Transfer

(2) *Intrarolecular Chain Transfer Intramlecular hydrogen transfer?!

leads to ma;ny of the observed products. In the Equations below the numbers
above the arm»«'sindicaté the modes of hydrogen transfer. Not all of the
possible products were found in this study; the underlined products cor-
respond to those found in significant amounts experimentally.

From the primary radical

E 1,2 | yé + isobutylene
.__...1_:2...5. 1 + 4-methyl-2-pentene -
— L& . 1142 4-direthylpentene
33 . 1 +4,6-dimethvl-heptene ) k.
» _

— I+ 2,4, 6-trimethylheptene

____}_:;7___.. £+a,6,8—trimethv1-nonene

— L8 1742,4,6,8-tetramethylronene

From the sec_oridary radical

p84 R 1Y S I f"Z-Eentene .
L3 . e+ 2-nethz1geﬁceqe
—LA 1 + 4-methyl-heptene
15 ' ‘ (O]

—_—t I+ 2,4-dimethylheptene

20 48 R

FE
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I 1,6 1+ 4 6-dimethvl-nonene

' @
L7 . Il + 2,",6—t1'i:et}w1nonene'

(b) Intermolecular Transfer

H ‘H

H H :
man € =CHy v € =Ci,— € = Gy € v ‘
i ' | | | :

Gy iy OY “}‘3

v CH = CHy -+ w»*é-.-mz—o-cuz'+ g—CHZ'wv 3('5)
! | N
a, - O Gl Gy

This process does not produce volatile products directly.

Chain Tendmtim

Termination is thought to occur either by disproportionation of

radicals -,

H H H
mann € = Gy + v C =Gy ~C- ——
| |
b by oy
o C=CH, +»mg-_clz—cazcn3‘ o (6
G Gy

" or others between [ and JT in differeni: cobinatory paths, or by combi-
nation of radicals.
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H R H 'y
'vvw‘C—(}[z- + A C - '\an(|:-(}{2'—(,:~..~.fw OB
ki ‘ .

ay Gy oy ayy

The results of this study are consistent with. mmlfsis of poly(pro-
pylene) proceeding mainly by the intrénmlecular cha;;.vz transfer involving
the secondary alkyl radical. It accounts for the fact that rost of the
wolatile products were olefins (Table 2) and that olefins from C3 to C13
were all formed. Furthermore, CglH;q was formed by 1,5 hydrogen transfers

“of both radicals I and II; this should make this the rost abundant pro-
duct and wus, in fact, observed. Also, C].ZHZ& was produced by 1>,7 hvdrogen
transfers of both radicals I and H. making it a significant pyrolysis pro-

- duct as well.

The obvious way saturated hydrocarbons such as tropane, butane, and
pesitane could be formed in significant quanticy vould be if chain initia-.
tion was brirmrily from the polymer chain ends folloved by hydrogen abs-

traction. Foi' instance,

o S o a
i € = Clly = C = Gy =C = CHy = 1+ IL+ Gy G +
| | -
Gy Giy Gy
H H H ‘ " :
G C-CHy 4+ C G- C -G (8
: | | |
CH, ay - Gy
H H
W"”‘f’c“z'cl** - IHIL + OOl GLGLGY +
Ol Ciy

" .
C ~CHy-CL,-Cy o)

SO RN TR




DR RN e h e R S A S S e e, R e R e

: 63
Terrdnation involving these radicals could also lead to alkanes and some

olefins as well. The reason why initiation at polymer chain eﬂds domd -
pates in some works is not clear, and may be enlightened by prrolysis
studies of poly(propylene) prepared by initiation with differenz alkyls .
such as ALQYe) 4, AL(EE)3, or AL(1BU)5.

One major difference between the experimental procedure in this work
ax those of others was that the pyrolysis products were swept away by the
Be carrier gas whereas most other studies were carried out in closed eva-

.ared vessels. It would seem that secondary reacticns were mxch less likely
to occur under the former corditions althoush Madorsky!® in his text had
claimed the opposite. Dienes were secondary pyrolysis products, so were

scoe of the alkanes.
Conclusion

A novel interfaced pyrolysis gas chromatographic peak identification
systen' had been used to study the pyrolysis of polyvroi:ylme. The major
prrolytic products were olefins: propylene, igobutyle:xe, penzene, methyl-
pentene, di:rethylheptene,"and trimethylnonene. A mechanisa imvolving in-
trzolecular chain transfer processes. especially those for the secondary
alkyl radicals, could account for the formation of these copannds very
well. o | |

The pyrolytic products identified in this work were qui:e different
£rom those observed by other investigators. The principle difference was
that in this study, the wolatile products were rapidly flushed away by
the inert carrier gas. This condition perhaps better simulates the situ-

ation at the surface of a burning polymer.
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CHAPTER V
OXIDATIVE PYROLYSIS OF POLYPROPYER\'E_
Abstract

Amorphous and semi-crystalline polyprovylene “(APP and IPP) were
pyrolyzed in air from 240°-289°C with a novel interfaced pyrolysis gas
chromatographic peak identification system ‘The products were 1dentified
on-the-fly by ranid scan vapor phase infrared spectrophotaetry and also
by mass spegt*m*rv The major products weré aldehydes, ketones, and
a few hydmcazbms. Methanol was the. only alcohol represented in signif:.-
cant aount. Mo carboxylic acid was found in any significant q\;a:'.tlty.

The formations of major oxygen;ted products were diffusion controlled.
At 289°C, they reached their maximm at about &4 percent oxygen and de-
creased rapidly as the oxygen concentration was increased. This is pro-

“bably due to the enharred oxidation of aldehydes and decarbowylation of
subsequmt: acids. The oxidative py'rolysis of polypropylene fonowed first-
order reaction kinetics and had an activation energy of about 16 Kcal mole 1.

_ Finally, a simple mechanistic scheme was proposed which ﬁml@ c-C
scissions of the terminal and backbone alkoxy radicals accorpanied by H-
or -Ci, transfer andfor -H abstraction to account for all of the products

Introduction

when various polymers were burned in air ina ‘candle-1like’ mamer]f.
whether the decamposition processes for the polymers ave pure pyrolysis
- or oxidative pyrolysis is still 1argely unsettled.

75
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It had been shown that the oxypen concentration 1 rm above the sur-
face of a burning polyethylene rod was only about 1 percex;\tz. Similar
" results were reported for poly-;mp‘glem3. From this it may be inferred
that the polymer in the relt surface may be oxvgen depleted. On the other
hand, the pol‘me" further belaw r_he surface probably contains the usual
amamt of dissolved oxygen. It is hkelv that oxidative pyrolysis con-
tributes significantly or even predominantly to the liberation of volatile
.and cocbustible fragrents from the oolymar.A The relative importance.of
pure pyrolysis and oxidative pyrolysis can only be established by experi-
wentation. )

This Chapter is concerned with the oxidative pyrolysis of polvp*o-
pylene. A rovel interfaced pyro clysis gas chromatographic peak identlflca-
tion system(IPGCS) was used to amalvze the products on-the-fly and their

chemical structures were also determined by mass spectrofetry.
Experimental &

The APP and IPP used were the same as those employed in pure pyro-
1ysis studies as presented in the prrew'.ous Chapter.

Thermogravimetric analysis(’ltn) for the two polypropylene sarples
at an air flow rate of 25 &l min~ lad a heating rate of 30°C min was
performed with the DuPont 900 thermal analyzer.

_():ddacive pyrolysis experiments were performed with the MP3 instru-
ment of the IPGCS. About 5 mg of: each sarple was pwolﬁed at 260°, 264°,
and 289°C at a heating rate of 40°C min~! with an air flow rate .of 25 ml
min'l.' The products were collected and separated respectively by a Chro-
rosorb 102 colum (12 ft x 1/8" 0.D.) and & Carbowax 20M on Chromosorb P
colum (12 fc x 1/8" 0.D.). The former colum was for low boilers and
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the latter colum for high-boiling products. The pyrdgrams were obtained
with a thermal éonduct_ivity detector operating at 150 ma. At a helium
carrier gas flow of 14 ml min"l, the columns were temperature programmed
at 4 min”] to 250°C. The products were identified on-the-fly by rapid
scan vapor phase infrared spectrophotometry and by mass spectrometry . in
a similar manner as described in Cbaotér II'I(Fbmerimentai Techniques) .

Similar procedures as described in the previous Chapter were em
ployed for kinetic studies.: The rate constants of decomposmion at 240°,
264°, and 289°C were detemined and the activation energles were obtained
from the corresponding Arrhenius plot. A

The product distributions of the pvrolysis of nolypropylene as a
function of oxygen concentration were imvestigated. In this experiment,
IPP was pyrolyzed at 289°(5 minutes) at 1, 4 20, 60 and 100 percent oxygen
respectively The products were separated by the Chromosorb 102 colum

and their distributions were ~stud:.ed as a function of oxygen concentration.
Results

Figure 1 shows the TGA curves in air for APP and IPP respectively.
Figure 2 compares their can‘esoondmg weight loss versus tanperatures
The rates of pyrolysis were obtained by weighing the polymer samples be-
fore and after pre-determined periods of pyrolysis time. The results are
given in Figure 3. The pyrolysis processes follow fi.rst-_order reaction
kinetics as in thermal pyrolyses. Figure &4 shows .t‘:he corresponding first-
order kinetic semilog plot of the above results. Figure 5 shows the Arr-
henius plots for the determination of the activation enefgies. The rate
constants and activation energies for the oxidative pyrolysis of APP and

PP are conpared in Table 1.




ot e o s et s e S AP T Y i i A i i W s LA SR ML b A b 1 o i i T

78
Table 1

Kinetic Results for the Oxidative Pyrolysis of Polypropylene

Rate Constant, sec L

Temp,°C App piyy

20 - 23x103 2.5x107

264 o s2x10% sax10”

289 1.0x10°2  9.2x1073
Activation Energy, Keal mole~t 17 15

The low-boiling pyrogran at 289°C obtained by the Chromosorb 102
colum is shown in Figure 6, The mumbers followed by x signs are the

- detector attenuation factors. The products in the order of ircreasing

retention tires are: 1) carbon dioxidc; 2) ethylene, 3) ethane, 4) water,
5) propylehe 6) propane, '7) formaldehyde, -8) methanol, 9 acetaldehyde,‘
10) acrolein 11) propan-l-al, 12) acetone, 13) 2 methylpropan-l—al 14)
methyl vinyl ketone, 15) butan-1- al, 16) pentan-2-one, 17) an insaturated
C5 aldehyde, 18) an unsaturated C6 ketone, and 19) 3-methy1 3,5 hexadiene.
The murber before each: compound refers-,td the number of the pesk in the
pyrogram(compounds 1-4 were not shown) . '

The products were identified on-the-fly by rapid scan vapor phase

infrared spectrophotometry and separately by mass speccrcmetry The in-

. frared spectra were compared to those complied by Welti The quality of

the spectra is uniformly good as exemplified by that of acetone in Figure 7.
Table 2 shows the mass spectrometric fragmentation patterns of the °

oxidative pyrolysis products of IPP at 289°C.. These patterns were com-

pared to those in the literatﬁre. The underliﬁed mass mumbers were -those
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- Table 2

Mass Spectrametric Frapmentation Patterns of the Oxidative Pyrolysis
Products of IPP at 289°C (2 min) '

Peak  Molecular - . Fragrentation |

nurber ion Corpound : Pattern
4 Carbon dioxide . 44,028
28 Ethylene . 28, 27
30 Ethane ’ 30, 29, 28, 27, 26
18 Vater 18,17, 16 )
s 4  Propylene 42, 41,39, 27
6 a Propane 44, 43, 29, 28, 27
7 30 Formaldehyde _ 10, 29, 28
8 2 . VMehanol 32, 31, 29, 15
9 4  Acetaldehyde L U4, 83,42, 29
1 - 56 Acrolein C .56, 41, 39, 27
1 58  Propan-l-al 58, 43, 41,29
12 58 Acetome . 58,043, 28
13 72 2-Methyl propan-1-al 72, 57, 43, 42, 41, 29, 27
1% 70 Methyl viryl ketone 70, 68, 67, 53, 42, 41,
| S 40, 29, 27
15 0n Butan-1-al . 72, 50, 42, 41, 39, 29
16 8  Pentan-2-one 8, 43, 29, 27
17 84 Unsat. Cg aldehyde s, &9, 56, 41, 39, 29, 27
18 98 “Unsat. C¢ ketone
19 9% 3tethyl 3,5 hexadiene 96, 81, 67,53, 43, 41, 39
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of the most abundant species. The peak murbers again refer to ;:mse shown
in the pyrogram in Figure 5. The same products were formed at the other
temperatures but with different distributions.

Figure 8 shows the distributions of the five major prod:.cts from the
oxidative pyrolysis of APP at 264°C. Figure 9 shows the dlsdxbutmns of
the same products from the oxidat:ive pyrolysis of IPP at 289°C. In these
two figures, the absolute amount of éach product, as reasured fram the

area wunder peak, was normalized to itself .at canplei:e pyrolysis. Finally,

v Figure 10 shows the dis.cributions of these five major products from the

oxidative pyrolysis of IPP at 289°C as »'~a function of oxvgen corcentration,
Discussion of Reésults

Autoxidation of polypropylene bel'owbits decampositisen peint (about
230°C; see Figure 1) has been much investigated’ . In general, it is
well known that molecular oxygen, because of its high reactivity towards
ﬁossibly present free radicals, c.:auses the formation of hydroperoxide
groups, -00H. As a result of the lability of the peroxide bond, these
hydroperoxides tend to decampose with the formation of new free radicals
which, in turn, again form hydroperoxides. Thus the redction becames auto-
catalytic.

The formation of hydroperoxide groups creates the prerecuisites for
oxidative degradation of the polymer because the free radicals, formed by

- decomposition of these groups, can lead to chain scission.

Above the decomposition temperature, autoxidation of polypropylene
leads to severe attack by oxygen on the polymer md extensive cleavage of
C-C and C-H bonds results in free radicals which react rapidly with oxygen.
Cullis et al.}? studied the influence of hydrogen bromide on the autoxida-

B T e o
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tion of polypropylene at 430°C in a static and in a flowing stxex: of air.
The process followed first-order reaction kinetics and was more relevant
to the mechanisn of the burning of the polymer, Product analysis however,
was limited only to aggregate ylelds of hydrocarbons and oxygerales.
Although very little fundamental wark has been done on the hirh-
temperature pre-flame aucmddation of polymers, a lot is known abour the
gas phase cxm.atmn of hydrocarbons at high- temperatures and the cool flame
1 15'18 . e reactions are recognized as free rachcal chain reasticns
propagated by peroxy radicals and hydropero-ddes which is esse—::.:‘lv a
developrent of ‘Backstrom s scheme for the oxidation of aldeh\ﬁ-‘m *. These

mechanists can be adapted to the oxidative py:olysis of polyproprliene.

Chain Initiatiom '
R H H H

AN 6{2_ C - G{Q —'? —G{Z ana - '\,V\. CH.Z —(‘: - Glz' + -? —C.:*,—-.-r.,
: Gl : &y &
1 I

0 H ' | ’
== G € 00y +\.Mc‘xz-<|:v_-02~ . W

Chain Propagsation

‘Radicals III and IV can extract a hyd:rogen atom intermlecxia".v to
give the corresponding hydroperoxides of transient ‘stabilicy. Loss of
-OH leads to the réspective alkoxy radicals V and VI. Scission of C-C
bonds accorpanied by H-or CHy transfer ylelds the products shown below
where the mrbers above the arrows indicate the particular C-C berd severed.
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The underlined sroducts correspond to those found in significant amounts

11 + formaldehvde

I + propan-l-al + acetaldehvde
+ ethvlene

11 + 2-methvl-propan-1l-al
+ propan-l-al + ethvlene

1 + 2-methvl-pentan-1-al’
+ butan-1-al + ethvlene

@

11 + 2,4 dimethyl-pentan-1-al

1 + acetaldehvde

II + acetone + propan-1-al

1 . + pentan-2-one + 3 methyl- butan—l al
+ methvl vinvl ketone + methane
+ butan-1-al + ethylene 3

11 + 4-methyl-pentan-2-cne
+ 3-methyl- pencan—l-al

1 + 4-rethyl-heptan-2-one
+3,5 dmethvl—hexan 1 al

The formation of hyﬁméarbons can be accounted for by intramolecular
chain transfer processes imvolving the priﬁm’y(I) and secondary(1I) alkyl
radicals ir a similar mammer as shown in Chapter IV (Equations 3 and 4).
Another scurve for hydrocarbons is probably from the decarboxylation of
acids since the latter camounds were Tot identified and a lot of 0, was
detected. Methanol is probably formed by Radical V by a hydrogen transfer
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In addizim, intramolecualr hydrogen abstraction, followed ty loss
19-25

- of-GH, C-C scissiom, K or-m3 transfer andH abstraction can lead
to the sare prodacts of reactions 2 and 3. This is illustrated for abs-
tracticn of y-% by Redical ™.

B ot
v — :4-»(:~—c-mz—c—ooa-—-——¢
H |
'\Nv\«Qs.x C—C—:,—-(l: 0 ~— I +- C—Q{Z— (&)

&5 8y C“a C“a

+ B

penitan-2-one

No atlespr was made to identify the high boiling Mx:s haweser,
basing on the ';::dxts identified, the following conclusmn can be dran
The primary aixxy Radical V was responsible for the formation of aldehydes,
all of the predicted gldehydes were identified in this study. Scoe of the
aldehydes were also formed from the secondary peroxv Radical VI which was
primarily responsidle for the formation of ketones. Cy. € ad G5 kercnes
were predicted =xd they were all identified. '

A feur umsatrrated carbonyl compounds were -cbserved although they are
not expected wxder the experimental conditions prescribed in this study
(small saple wier a flowing stream of air). ‘ 4

Normally for small sample under a rapid flowing stream of air all of
the alkyl radicals will react {mmediately with oxvgen before amy other
chemical processes, such as isomerization and dissociation, can cooux.

For bulk polymer this will not be true. Then intramolecular chain transfer
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and chain propagaticn grocesses of Radicals I, iI, V and VI become Im-
portant, their relative significance being governed by the local OXyEen
concentrations. . These will lead to unsaturated carbonyl products.

Since the sample used in this work was small, the only plausible
explanation is that the £los rate (25 al mn') is not rapid enoush to
flush away sore of the products once they were formed. ‘ : '

It should be peinted out that whereas the terminal radicals ave
responsibie for ‘the volatile products oﬁseﬁled, similar reactions ecour
for the backbone radicals. The b.aékbone tertiary or‘ secondary peroxy
radicals can isomerize by H-transfer from 8, y, or & carbons intrawlecu-
larly. Subsequent reactions are:loss of HO* produces O-heferoc}'cles such

as oxinan, furan and p';:'a..zo'zz; loss of HO* with C-C bond scission, group

migration and H-sbstraction forms carbonyl compounds with rearranged poly-

mer backbone23°25; loss of HO+ with C-C bond seission and H-transfer leads

to terminal carbonyl ed olefinic functionalities; and loss of KO« pro-
duces internal double bonds2®.  The backbone peroxy radicals can also iso-
merize via group crz:sferﬂ'zs followed by 0-0 bond scission to give in-
ternal and terminal carbonyl corpounds as well as low rolecular weight
and high molecular weight alkoxy radicals.

.Chain Termination

This occurs umndcubtedly by bimolecular process such as,

0 0
'\/W(}{z—g_(}{z‘wﬁ +w~,,%_&[_ |
a % O)

H 0
. i
— Ci!z-—(;:—(l{z'vw + W\-(l:—(“—? ma + 02
0'13 CH CH

3 3

= @“g
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The effect of oxidation of polypropylene at eleva’ted‘taxperamre
(289°C) as a function of oxygen concentration had been investigated as
shown in Figure 10; It is interesting to note that the formations of |
the major oxygenated products such as acetone, acetaldehyde and butan-1-al
were diffusion controlled. At 289°C, these products attained their maxi-
-mm quantities at about 4 pac&t oxygen and decreased rapidly as the oxy-
gen concentration was increased. ‘
| On the other hand, the formation of 00, increased rapidly als§ from
about 4 percent oxygeci condentration. This is probably due to the ethanced
oxidation of aldehydes and decarboxylation of the subsequent acids. The
increased formation of propylene, the major hydrocarbon product,with in-
creased oxygen concentration can also be explained by the above phenomena.
The fact that the formations of ketones and aldehydes are favored
at low oxygen concentration aggravates the effect of simultaneous oxygen
depletion and btatﬁeramre rise which has been the major cause of fire
deaths.

Oohclusim '

A novel interfaced pyrolysis gas chromatographic peak idgntification

- gystem had been used to study the oxidative pyrolysiéd of polypropylene

at temperatures between 240°-289°C..

- The products were identified on-the-fly by' rapid scan vapor phase
in&ared spectmphot&retry ‘and also by mass spectrometry. The major pro-
ducts were aldehydes and ketones together with a few hydrocarbons. Metha-
nol was the only alcohol represented. MNo carboxyiic acids were present
in any significant amount to be identified.r The formation éf hydrocarbons
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could be either due to intramolecular chain tmnsfez" processes involving
the primary and secondary alkyl radicals as in thermal pyrolysis or to
the decarboxylation of_ acids. .

This study had shown that the formation of main oxygenated products‘
from the éxidative pyrolysis of polypropylene was diffusion controlled.
At 289°C, these products attained their maximm conce'ntratiof.s ‘at about

4 percent oxygen and decreased rapidly as the oxygen concentration was

increased. The increase of oxygen concentration enhanced the oxidation
of aldehydes and the décarboxylétion of subsequent acids led to the in-
crease of CO, formation. .

The oxidzafive pyrolysis of polypropylene at terperatures between
240°-289°C followed first-order reaction kinetics and an activation ener-
g of about 16 Keal mole " was obtained. Finally, a simple mechanistic
schene was proposed which involved C-C scissions of the terminal and back-
bone alkoxy radicals accompanied by-H or 'CHB transfer and/or-H abst:ractioﬁ
to accamt for all of the identified products. . |
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Fig. 1 TG thermgrams-of APPl ard IPP. in air




S0

100}

80

6o}

% Wt loss

201

e S e St e

il
300
TEMPC
‘Fig. 2 ‘Percent weight loss of APP and IPP in alr
as a function of temperanure '

400 .




9

- 60

% PYRO,

40

20 - - L It 1 - Iy -

PYRO TIME(min)

Fig. 3 Rates of pyrolysis of APP and IPP in air
at indicated temeranures )




b i

o AR i e R e T D LA e SRR i S

92

15¢ .
' B oe 240C

AA 264°C
os 289°C .

- —1pp
—— APP

10

' in Residuye -

L 1 . 1

10

o - -pyro, Time(min)

Fig. & First-crder kinetic semilog plot of pyrolysis
of APP and PP at indicated terperatures
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CHAPTER VI

EFFECT OF GROMTUM ON THE PYROLYSIS AND OXIDATIVE PYROLYSIS
" OF POLYPROFYLEXE. -

Abstract

Semi-crystalline isotactic Apolypropyléne(l’PP) was reacted wif:h
chroryl chloride(&OZClz) in an Etard reaction. Sarmles cbntaining dif-
ferent concentrations of chromium and chlorine were prepared untar dif-
ferent experimenzal conditions. A novel interfaced pyrolysis gas chroma-
tographic peak identification system was used to pyrolyze the chromm—
contaiﬁing polvprepilene in inert and in oxidative atrmsphe:rés. The pro-
" cesses followed first-order reactioﬁ kinetics. The corresponding rate
constants of deca;nsition‘md activation energies were corpared to those
cbtained for IPP. The presence of chromiur in.the polynér was found not
to affect the nature of the products in both polyrers. o .

In inert atosphere, the polypropylene with chromium decorposed
faster than poh;fcpylene irself and exhibited a lower activation energy
(44 Keal mle ! vs 51 Kcal mle ). 1In oxidative envirorment, chromium \

induced char forration and inhibited pyrolysis resulting in a higher ac-
tivation energy than the neat polypropylene(26 Keal mole™t va 16 Keal
mle'l) . The inhibitive effecf: was greater the higher the pyrolysis
temperature studied. ‘ ) |

The polypropylene samples with chromium and chlorine were also in-
veétigated for their thermal stabilities and ignition characteristics by
_thermogravimetric analysis(TGA) ‘end differential thermal analysis(DTA).
Their relative flamabilities were studied by the 1imiting oxygen index

(LOI) test. The role of ;hrcxnium and chlorine in flame inhibition is

99
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believed to be due to free radical scavenging to form stable compounds,

thus stopping flame pmpaganm

Introduction

To oBtain flame retarded polymers,several appméches are available.
One is to synt:hesize new polymers which contain few or no aliphatic hydroi'-. '
gens ard have very rigid or crossl:jmked structures. Thus polymers such

- as poly-m-phenylene, isophthalmide, v Nomex, poly-N-N-(p-p-oxydiphenylene},

pyromellitimide (Kapton), polybenzimidazole and Kynol (crosslinked phe-
no]. formaldehyde) have greatly reduced flarmability. Inorganic polymers

- provide another sclution to the problem but they are irherently expensive

and difficult to process.

Modification of cormodity polymers is yet another way to obtain
flame retardation. -This can be achieved by either the additive or the
reactive approach. In the first method,.the additive is usually a flame
retardant system corprised of halogens, antimony and phosphorus contain-
ing compounds. The efficiency of a system is enhanced if the constituents
function synergisdcally and are forrulated in optir;un'ratios‘ The reac-
tive approach is more efficient in flame retardation but less economical
to use. S ,

Present flame retardants are at best stop-gap measures. The add-on
levels are in the range of 10 to 30 parts per hundred. They cqntribute
towards the emission of noxious gases in addition to those dedved from
the substrate. - An ideal system should then be one that requires a l,ow.

_ dosdge of additive to render flame retardancy.

T
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There have been a lot of studies on the stabilizarion of polypro-

~ pylene with regards to its thermal and thermoxidative degradation. Moi-

seev et al.} observed that the inclusion of 1 percent by weight of diphe-
n&l propane into poiypropylene decreased the rate of deccmposit:ior_\ in
vacuum by 4 percent. At S'pcrce'nc level, the rate was reduced by 90 per-
cent. Straus and Waliz also observed that the introduction of minute
quantities of inorganic and organic materials into polypropylene increased
the thermal stability of the polymer in vacuum by lowering the rates of
decomposition and increasing the activation energy. Mo explanation was
given for the cbserved phenomena. :

| In thermoxidative degradation, stabilizers such as amine,phenols,
ketonic compourds, metal and phosphorus containing campounds have been
used3‘]_‘2. In general, hydrogen donating chain stabilizers are used to

.interrupt chain depropagation through the formation of stable radicals

in a chain transfer processu. _

In this study, the use of metal-containing cémpomds is of primary
interest in pyrolysis inhibition. TIFP was réacted with chromyl chloride
and the samples were examined for pyrolysis, oxidative pyrolysis, thermal
stabiiities, ignition characteristics, and :elative .ﬁmbilities. The
results were compared to those obtained for neat P,
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Experirental

Sarple Preparation

Profax 6501 IPP (Hercules Inc.) was yescted with chrcmyl chloride
14,15

(CrOZClz) in an Etard reaction Szple A was prepared as foll‘cxced.
About 5.2 gn of IPP was swollen with stirring in a 1000 nl three neck
round-bottamed reaction flask in 100 cl of CCI& for 15 hours. About 1 ml
(12.4 trole) of CrO,Cl, was dissolved in €D nl of degassed dry CCl, in a
glove bag flushed with nitrogen. The solution was qixickly transferred
to a dripping funnel fitted to the reaction flask which was purged conti-
nuously with nitrogen. The CrO,C 1, m’.u*im was then ad“ed dromse to
the well-stirred swollen polymer in CC!, . The reaction mixture was allowed
to stand for about: 15 hours. ‘me produc' was filtered, washed with CClA
and vacm dried at 80°C for 40 hours

Sanples B and C were similarly prepared. ‘The general proceckzes v
were the same except for the degree of swelling and stirring of the poly-

mer before and after the reaction. Sxple B was prepared by reacting 2
nl(24.6 mmole) of CrO,Cl, with about 103 gn of IPP, The latter polwmer
was swllen in CCl, at 50°C with stirring for 2 days before use. The .

" final reaction mixture was slightlv stirred for 15 hours.

In preparing Sample ¢, 10 ml(Ul trole) of Cr0,Cl, was used to re-
act with about 304 gm of IPP.. In this experiment, IFP was swollen with

.agitation in about 780 ml of CCl, for 5 days and the final reaction mix-
ture was vigorously stirred, also for ls.bours. Smiples A and C were
greenish in color while Sénzple B was lighr-green.
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Pyrolysis in Inert Atrosphere

Pyrolysis and TGA of Sanple A were perforred in a-similar marmer
as described for IPP in Chapter IV. About 2 rg'of szple was used in
each pyrolysis experiment at 388°, 414°, and 438°C and for different
periods of time. The products were similarly cclleczed and pyrograms ob-
tained with the same colums by tanpera.’cm‘e prograTing. 'Iﬁe pyrolysis
process was found to follow first-order reacticn kiretics. 'Ihé rates of

decomposition and the activation energy for the pyrolysis process were

 determined and carpared to those obtained for IPP. Product distrﬂ:ut_ions

at 438°C were examined.
DTA was performed on Sarple C with the DuPonic 930 plug-in module at
a nitrogen flow of 60 ml udn‘l' and a heating rate of 10°¢C min'l. The experi-

ment was repeated with an IPP sarple of $imilar size (9 re) for comparison.

Oxddative Pvrolvsis .

O)ddative pyrolysis‘ and TGA of Saple A in air were performed ina
similar mamer as described for IPP in Chapter V. Abcut 5 mg of sarple
was used in each pyrolysis experiment at 264°, 289°, 313° and 338°C and
for different period.s of time. The products were similarly collected
and pyrograms obtained with the same colums by céperature programing.
A first-order reaction kinetics was again found ‘for the pyrolysis process.
The rates of decomposition and activation energy for the process were
determined and again canpared to those chtained for IPP in Chapter V.

Product distributions and absolute smt of total volatiles (up to
Cg oxygenates and C, hydrocarbons) were examined at 240°, 264°, and 289°C.
DTA of Sample C at an air flow rate of 60 ml min~! and-a heating rate of

T s T g T g BT e o e e e ST S e N
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10°C min ! was conducted. The results obtained from IPP under similar
conditions were used for comparison.

The thermal behaviors of Sarple A and IPP were also oompared in
pure oxygen. The self-ignition temperatures of these sarples were inves-
tigated by TGA at an oxygen flow of 25 ml min! and a heating rate of 30°C
min’L,

Sample A was pyrolyzed in pure oxygen between 240°-289°C in a sinilar
manner as in air pyrolysis. First-order rate constan'ts'of decomposition
and activation energy were determined. Under similar conditions, the pyro-
lysis of IPP often resulted in the ig;nition of the polyrer.

Finally, for LOI studies, Sample B was divided into three portions
The first and the second portions were let-down 5 : 1and 10 : 1 by weight
(Samples D and E) respectively with neat IPP. 'The third portion was Sample
B itself. Saples B, D, and E were cmpression nolded at 230°C at 10,000
psi for & minutes in a 5" x 5" x l/lé"'mol_d. The neat IPP was mixed by
turbling action prior to molding Samples D and E. |

-Results

Pyrolysis in Inert Atmosphere

Figure 1 shows the TGA curves in nitrogen for Sarple A and IFPP.
l-‘igure 2 compares the weight loss of the two polyrers with respect to
temperatures. The temperatures for 50 percent weight loss were about 400°
and 385°C respectively for Sample A and IPP. aAbout -3 percent sooty resi-
due remained at 460°C for Sarple A while IPP was corpletely pyrolyzed at
420°C. '
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The rate of pyrolysis of Sample A and IPP is shown in Figure 3.
Figure 4 shows the corresponding first-order kinetic semilog plot of the
residue versus pyrolysis time. Figure 5 compares the Arrhenius plots of
the two polymers. Table 1 sumarizes the results of the rate constants
and activation enerpies for the pyrolysis of Sample A and.IPP in inert

atmosphere.

© Table 1

Kinetic Results of Pyrolysis of Sarple A and IPP in Helium

Rate Constants, sec

Temp, °C Sample A = IPP
388 44 x10% 4o0x10™
414 2.2x%103 11x107
438 45%x103 6.2x103

Activation Energy, Keal mole™l & 51 -

The pyrolytic products of Sample A were similar to those obtained
for IPP. Table 2 conpares the relative product distributions of Sar'ple A
and IPP .at 43® C(4 minutes). In this Table, the relative weight percenc
of each product was obtained by normalizmg with respect to the total

wolatiles (up to CB) according to the method by Dietzls.

Figure 6 shows
the absolute normalized product dist:ribut:ions (absolute amounts on pyro-
grams) for Sample A and TIFP at 438 C.

Figure 7 compares the DTA of Sarple C and TPP in nitrogen. Finally,

Figure 8 shows the weight loss of these two polymers versus temperatures.




s Rt S 2 A ] e i e et e e A P A s e BRI PR S S AR R

' 106
Table 2

‘ -4
Relative Product Distributions of Samle A and IPP at 438 C

Relative Weight Percent

Sample A piyd
Methane 0.38 0.1
Ethane | - 0.80 1.0
" Propylene ’ 12.0 10.0
Isobutylene V 6.1 2.5
Pentene” 120 1.0
3 methyl-1-pentene 7.0 9.4
3 methyi-_fi,S hexadiene 3.3 ‘1.6
2,4 dimethyl-heptene ‘ 3.0  40.0
Cio0 5.8 2.1
4,6 dimethyl-3-nonene . 1.6 _ 1.5
2,4,6 trimethyl-8-ronene 7.1 9.7
Cyafy,, : : 1.0 1.8

unidentified _ 5.7 6.7

Oxidative Pyrolysis

Figure 9 shows that TGA curves In air for Sample A'and IPP. Figure
10 conpares the weight loss of these two polymers with respect to temper-
atures. In air, IFP was stable up to about 220°C under the prescribed
experimental conditions in this study while Sarple A exhibited about 7

percent weighc‘loss_. The temperatures for 50 percent weight loss were
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about 425° and 325°C respecfively ‘for Sample A and IPP. The rates of
éyrolysis and the corresponding first-order ki_netic semilog plot are
shown in Figures 11 and 12. o

The major products from the oxidative pyrolysis of Sarple A and IFP
Qere acetaldehyde, acetone, butan-l-al, and an unsaturé‘ted C6 ketone. The
ébsolute amount of each of these products, as measured from the area under
peak, from Samplé A was normalized with respect to its corresponding peak
from IPP. Hence, a ratio of one means the same amount.of the same pro-
duct are produced from both materials. Fractional quantities indicate
suppression of products by Sarple A..

The absolute normalized distributions of the above products from
the oxidative pyrolysis of Sample A and TPP at 240°, 264°, and 289°C are
shown :Ln Figures 13, 14 and 15 respectii/ely. These Figures compare the
rates of prbduct formation from Sarple Avwich' that of TPP itself. Figure
16 shows a similar plot of the. rates-of formation of the major products
as a function of pyrolysis terperature, Figure 17 again Shm a similar
plot comparing the total amont of wolatiles from Sample Aand IPP as a
function of pyrolysis temperature.: Figure 18 shows the DTA of Sample C
and IPP in air-at a flow rate of 60 ml min L, Strong ignition exotherms
were observed at 400° and 250°C for Sample C and IPP respectivély.

The thermal behavior of Sample A was also studied in pure oxygen so
as to elucidate the effect of oxygen concentration on pyrolysis inhibi-
tion. Figure 19 compares the TGA curves of Sample A and IPP in oxygen at
a flow rate of 25 ml min'l. The experiments were interrupted because of
sudden weight'losses due to ignitions of the two samples. .
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The rates of pyrolysis and subsequent first-order kinetic plot of
Smiple A are shown in Figures 20 and 21. Figure 22 shows the Arrhenius:
plot. for the oxidative pyrolysis of Sample A and TPP.

Table 3 compares the rate constants of decomposition and activation
energles for the oxidative pvrolysis of Sample A and IPP. Table 4 com-
pares the results of LOI studies for Samples B, D, E, and neat IPP.

Table 3

Kinetic Results of Oxidative Pyrolysis of Sarple A and TPP

‘Rate Constants, sec"l

Temp, °C . IPP(afr) . Sarple A(alr) Satple A0,)
20 2.5 x 1073 - 1.5 x 107
264 sax103 18x107 3.9x10™
289 92x10  34x107%  14x107
313 e 125100 -
138 e 32x107 -
Activation Energy, . 16 ' 2% 26
Keal role™t '

Table &

10I of Samples B, D, E, and IPP

Sarple 101
B 26.4
D 18.3
E 17.7
PP 17.4
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dative degradation of polypropvlene by metal~containing compounds . '

. sence and ébsence of copper stearate as okidation accelerator. 'I'ney con-

 the thermoxidative degradation of IPP at 125°C°.
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The variation of 101 with respect to the concentration of chromium

_in each smple is shown in Figure 23. In this Figure, the 10I of each .

sample is plotted versus the weight percent of chromiunb in the sarple.
Fi_mll;;r. Table 5 shews the results of the elemental analysis of the resi-

dual char left after burning Saole B in air.
Table 5

Elemental Analysis of Char from Burning Sample B in Air -

Elements , Weipht Percent
o 0.9 -
a 0.17-

-C . 80.51
R 9.52

Discussion of Resui'ts

" There have been a 1ot of studies on the inhibition of the therroxi-

Osawa et al.m examined the effect of Zn, Cr, Co, ¥i and Cu Se-car-
bamates on the thermoxidative deéxadacibn of IPP at 120°C, both in the pre-

cluded that these metal carpourds are all effective irhibitors, even in
the ﬁresence of copper stearate. On the other hand, the fatty acid salts

of Co, M, Cu, Fe, V, Ni, Ti, Al, Mg, and Ba had been shown to catalyze
' 6
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Bulewicz and Padley17 118 g rarsuda and Gut:r\'.ml9 indicated that
the elaments Mg, Cr My, Sn, U, and Ba had pronounced effect on the re-
conbination of H atoms and hence should be effective flame inhibitors.
Hasciezo reported the relative effectiveness of di-ffereht inhibitors for
n-hexane/air flame and chromyl chloride was one éf the most effective
ones.

. Etard 14 discovered the resctien of chromyl chloride with hydrocax-
2}.

bons to form complexes and the mechanism was discussed by Necsoin et al

The selectivity of ctromyl chloride towards the various tvpes of carben

2 hydrogen bonds is not well mderstood

Wiberg and Exsenthalz‘ had shown that ch:a-ryl acetate is a reascn-
able mndel for chrcmyl chloride. In the reaction of low molecular weight
hydrocarbons with ‘the ldtter ccevound, Foster and Hickinbottom23 had

shown that the tertiary/secondary feactivicv factor was 5. The correspord-

ing factor for chromic acid reaction was more than 60.

The low degree of discriminacy reaction of chromyl chloride with

ethylene-propylene copolymer had been reported by Burgercza. Therefore,

{t eéan be deduced that the reaction of chromyl chloride with polypropylene
is probébly randam alclrbugh the attack on the tertiary positions is still
favored. - ‘ , - |

Samples A, B, and C consisted of different concentrations of Cr and-
Cl as a result of different experimental condiﬁions. The reaction of
chramyl chloride with polypropylene s quantitarive if sufficient swellirg
and stirring of the polymer are allowed. For example, quantitative yield
of Cr and Cl was obtained in Szple C with sufficient swelling and stirr-
ing of the sample before and after the reaction.
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In inert atrosphere, Saple A decorposed. faster than TPP and exhi-
bited a lover activation energy of pyrolysis. In nitrogen, IFP was sta-
ble up to 300°C (with only 2 percent weight 1055) while Sample A had a
14 percent weight loss. By corparison, Szle A decorposed faster than
PP at 388° and 414° but rore slowly at 438°C.  The presence of chromium
accelerated the formations of methare, isotutylene, and C].OHZO at 438°C,
while at the same time, mhlbxted the Ecr"":;cns of other products.

The DTA of Sarple C and IFP m nitrezen were very similar to each
other. Endothermic meltirg peaks appeared at about 150° and 163°C res-
pective'ly for Sarple C and IPP. The correspendirg decomposition endo-
therms were at 465° and 450°C. Corparing the thermal st:abilltles of
Saple A and Sarple C (I-‘Lgures 2 and 8) in nitrogen, these two samples
were found to te very similar.  The:terperanze for 50 percent weight léss
of these two sarples was about 40°c, the correspording temperature for
IPP was 390°C. Therefore, it is apparent that in inert atmosphere, chro-
mium contributes little, if any, to the thexmal stability of polypropylere.

The situation, however, was q\nte different in oxidative emviren-
ment. The pyrolysis of S&mle A in air w=s greatly mhibited Sample A
retained most of its weight at about 350°C while IPP was completely pyro-
lyzed at this terperature. . At about 4_50 C. Szole A experienced a rapid
weight loss and this was due to the ignicicn of the sample as was evidenced
by the nose-effect on the TGA curve. Under this condition, the tempera-
tures for 50 percent weight loss were abxet _415° and 325°C respectively
for Sample A and IFP.

t; 5 percent char was formed after the pyrolyvsis of Sample A. Pre-
sunably, cxygen oxidized the chxomiun to Cry0 vhich is a well knom
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catalyst for dehydrogenation of Eydrocarbons in petroleun refim.ngz5 ..
The activation encrgy for the py'rolyéis of Sarhle A in air was 26 Keal
mole'l_ and this is to be compared with just 16 Keal mle! for IP?»mder
sirdlar conditions. ' ' |

The inhibitive effect of chromium on the oxidatiye pyrolysis. of
polypropylene was alsp evidenced by the suppression of all of the ‘major
products in the temperature range from 240°-289°C. . Th addition, the in-
hibitive effect was greater the higher the- temperature. For exarple,
the total volatiles (up to C6 oxygenates and C7 hydrocarbons) from Sample
A decreased from 64 percent to 42 percent of those from IFP when the tem
perature was increased from 240° to 289°C. |

DIA in alr at 60 ml min© had shown two strong exotherms occurring
at sbout 400° and 250°C respecﬁively for Sarple C and IPP. This indi-
cated that the self-ignition temperature of Sérrplé C was increased rela-
tively by 150°C with the presence of chromium in the nolyn’ér.

- In pure oxygen at a flow rate of 25 ml min™!, Sample A ignited at
about 360°C, the corresponding ignition of IPP occurred at about 240°C.
An increase in oxygen concentration (20 to 100 percent) in the pyrolysis
of Sample A increased the rates of decomposition of the polymer but not
the activation energy which remained the same for air and oxygen pyrolysis.

The char formed after burning Sample B consisted of 0.9 percent
and 0.17 percent by weight of Cr and Cl. This showed that about 40 per-
cent of Cr and 84 percent of Cl in the ofiginal sample had been consumed
in the flame. The role of Cr and Cl is probably that of free radical
trapping in the vapor phase. Chromium probably formed stable oxides which
fumes served to blanket the flame and cﬁc off axygen supply to the flamev
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26

© front The action of Cl, is probébly that of flame 'poisoning' due to

27

the formation of HCl The resistance of Sample A in buming was re-

flected by a 10T value of 26.4.
Conclusion

Chromyl chlor‘ide(CtOzClz') had been used to react with .semi~crysta1-
1me IPP(Etard reaction) under dlfferent e:q>ermental conditions. The
chromium-containing polymers were investlgated for their t;hemal stabi-

' ~lities and ig;mtmn cha.racteristics in inert and in o*c.dative atrmspl"eres

'by TGA and DTA respectively.

Pyrolysis, oxidative pyrolysis, and limiting oxygeri inaex(T.DI)
studies were performéd on these polymers. Pyrolytic products and their
dlstnbutions were also examined. The pyrolysis processes followed
first-order reaction kinetics. Data obtained for neat IPP under si.milar
conditions were used for comparison for all of the above studies.

Corpared to polypropylene, the pyrolysis of chromium-containing
mlypr@lme in-inert atmosphere exhibited a 1§wgr activation energy.

. The opposite was true in oxidative emvironment where chromiun formed in-
situ char and inhibited pyrolysis. The self-ignition temperature of the
chromium containing polymer in air Qés also increased relatively by 150°C
when compared to IPP. '

_ The inhibitive effect of chromium on the oxidative pyrolysis of
polypropylene was greater the higher the pyrolysis terperature studied.
The total wolatiles from a sample consisting of 2.22 percent by wgight
of chromium decreased from 64 percent to 42 percent of t:hése frcm IPP
when the temperature was increased from 240° to 289°C.
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The sample that consisted of 1.5 percent Cr and 0.98 percent Cl
acquired a LI of 26.4. In buming this sawle, almost half of the Cr
and all of the Cl were consumed in the flame. It is believed thémt the
action of Cr and Cl is that of free radical scavenging to form stable
compounds, thus stopping flame propagation. ‘
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CHAPTER VII
PYROLYSIS OF POLYISOPRENE
Abstract

Natsya 2200 polyisoprene(PI) was pyrolyzed in helium from 315°-384°C.
A novel interfaced gas chromatographic peak identification system(IPGCS)
was used in the experiment. The products were separated by temperature
pmgra‘ned gas chromatography(GC) and analyzed by mass spectrametry (MS) .

The pyrolysis of PI followed fir.,t order reaction kinetics. The

" rates of decceposition at different temperatures were determined and an

-activation energy of 41 Keal mo'le'1 was obtained for the process. The

low activation energy was mainly due to the presence of 3,4 addition units
in the polymer chain. '

' The majcr pyrolytic products were isoprene and dipentene At’384°C,
the two corpands occupled almost 90 percent by weight of the total vola-
tiles. A sirple u\e;hanistic scheme was proposed which involved o and 8
scissions of the polymer chain to-account for all .of the products. Al-
though products were formed ﬁm both’ types of scissi_oné, g scissions,

"which led to the formation of allylic radicals, were mainly responsible

" for the forma=ion of isoprene and dipentene.
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Introduction

The history of destructive distillation of natural rubber goes. back |
more than a cennn‘yl's. Later work by Madorsky, Straus and c,o-x«workerse'8
involved pyrolytic fractionation in which the products were separated
into fractions. The light fraction was analyzed _By MS and the heavy frac-
tion for its average molecular weight. -

More recent study on th¢ thermal behavior of rubber by pyrolysis-

GC was reported by Jernejcic and Pr_emrug.- Retention time method was em-
ployed to identify the products. Pyrolysis-GC-IS was used by Galin-Va-
cherot 0 to study the pyrolysis products of PI in nitrogen. Hydrocarbons
wp to C;, were identified and the mechanism of producit forzr;acions was '
briefly discussed. v o S

In the present work, the pyrolysis of P1'was perfom‘ed with ;he
IPGCS(see Chaptexr III) in helium. Pyrolydc products were séparated by
temperature programed OC and identified on-the-fly by MS. The mechanisms
of product formations were discussed. The kinetics of the pyrolysis pro-
cess were also investigated. The results of this study were campared to .

other reported works.

Experimental
~ Natsyn 2200(Goodyear) PI consisting of about 97 percent cis 1,4
and 3 percent 3,4 units was used. The wlﬁer contains a phenolic tyrpe
entioxidant and has a mumber-average molecular weight of about‘ 200,00011.
To remove the antioxidant. and other adulterants, the polymer was dissolved

in toluene, precipitated with acetone and vacuum dried.
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The pyrolysis terperatures were determined by TCA(DuPonit 900 thermal

analyzer) in nitrogen at a flow rate of 25 ml mjn°1

and a heating rate of
- 30°C min_l. Pyrolyéis experiments were conducted with the MP3 multi-pur-
pose thermal analyzer. The conditions and f.he_ calibration of the abcve
instrument were descnbed in Chapter IV. _

© About 6 mg of sarple was used in each pyrolysis experm\ent The .
sample was loaded into the quartz tube and the latter was purged with he-
1ium for & minutes so as to get rid of residual air in the system. The
oven was fist heated up to the pyrolysis temperature and was then quzckly
moved towards the portion of the tube that contained the sample About
30 second.s were required for the oven to return to its original tempera-
 ture. Pyrolyses were performed at 315 1%0°, 364° and 384°C respectively
and for different periods of pyrolysis time.. The weight of the residue
after each pyrolysis was obtained with a microbalance-

Two c_olums were used to separate the pyrolysis products with flame

ionization detection and temperature programing at 4°C mint,

A Chramo-
sorb 102 colum (12 ft x 1/8" 0.D.) was used for the lew-bollers and a 4
percent SE30 on ABS colum was employed for the high-boiling products.

The products were analyzed by M in a similar marner as described
in Chapter III (Expermtal ‘I‘edmiques) The distf-ibutions of products
at complete pyrolysis were studied at 384°C (10 mi.n) The relative weight

.percent of each product was calculated from its area under peak, taking
into consideraticm of the detector attenuation factor, and mmalized with
respect to the total volatiles.

The pyrolysis of PI in inert atmosphere followed first-order reac-

tion kinetics. The rate constants of decomposition and the activation

~ energy for the process were determined.
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Results

Figure 1 shaws the TGA curve of PL in nitrogen. Figares 2 and 3
show the low and high-boiling pyrograms obtained by the Chromosorb 102
and the_SE30 colums respectively, The nutbers followed by x signs re-
present the detecter atteruation factors. The murbers adjacent to each
peak refer to the peak.nurbers in Tables 1 and 2. Table 1 shows the low-
boiling campounds and their corresponding MS fragmentation patterns.
Table 2 shows the same for the high—boilingﬁ products. The underlined mass
murbers represent the most abunda’nt species. The relative weight percent

12

of each product is calculated by the method according to Dietz™” who has

shown that for all practical purposes, the flame ionization detector is

equally sensitive to all hydrocarbons.
Fipures 4 and 5 show the rate qf pyrolysis.of PI in h_elium at indi-

cated temperatures and the corresponding first-order kinetic semilog plot.

Figure 6 shows the resulting Arrhenius plot for the process.
Finally, Table 3 summarizes the resulis of thé kinetic studies of
the pyrolysis of PI in helium. '
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Distribution of Low-Boiling Products and MS Fragmentdtion Patterrs

of the Pyrolvsis of PI in He at 384°C

Peak '

mumber Product
1 Methane
2 Ethylene
3 Fthane
A Propylene
5 Propane
6 Iscbutylene
7 Butenes
8 Methyl butene
9

Isoprene

!s'eight
percent Fragmentation pattemn
0.04 16, 15, 14 .
0.08 28, 27 26
0.03 30, 29, 28, 27, 26
0.15 42, 41, 39, 27
0.06 44, 43, 29, 28, 27
0.09 56, 41, 39 .
0.07 ' '
0.09 70, 55,42, 41,39, 29, 27
29 68, 67, 53, 41, 40,39, 27

B
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Table 2

Distribution of Hirh-Roiline Products and M3 Frasmentation Patterns

of the Pyrolvsis of PI in he a% 38

Peak ' Weight
" tuarber Product Percent Frasmenzation tattem
10 Toluee -  0.02 92, 91, €5, 32
1 2,acP® 1.2 %, $1, 73, 67,55, 53.‘ 41, 39, 27
12 Octene 0.05 112, 97, 33, &1, 27 .
13 ‘ 2,00 0.16 110, §5, 82, 67, 39
14 mxylene . 0.33 106, 91, 51, 33
15 - wEa 0.18 126, 189, 81, €7, 53, 41, 7
1 1soowald 2.5 136, 121, 107, 93, 68, 53, 39
17 Dipentene - 60 136, 119, 107, 9, 68, 67, 53, 41,
, 39, 27
18 Oy~ 02 |
19 Crthg 0.2
20-23  Cyefy, 3.5
2-26  Cyehye 1.8

wnidentified 0.3

a2,3‘di:rna.thy1 cyclopentene

b2_,4 -dimethyl cyclohexene
€1-methyl-4-ethyl cyclohexene
d1.A.'> dimethyl-5-vinyl cyclohexene

e e e < T A I L S P e e i v i AN TR oS
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Table 3

Kinetic Results of the Pyrolvsis of FIL in ¥e

Tem, °C ’ Rate Constants, e
315 : 3.0x 107
%o 1.3x1073
TR 4.8 x 107
38 ' 1.1x 1072
Activation Energy, 41

Kcal mole'l

Discussion of Results

There have been a lot of studies published o the pyrolysis of PIL.
Different products were reported depénding on experimental conditions,
procedures, apparatus, ssvTle, and sample size erplowed. Despite these
differences, all studies have indicated that in the mwrolysis of PI, the
main products are the moncmer and its. dimer, dipertene(l methyl-4-isopro-
penyl cyclohexene).

Midgley and Hers® pyrolyzed natural rubber in bulk by destructive

distillation at 700°C and identified C5-Cy aliphatic and eyclic hydro-
carbons.  Madorsky et a3 pyrolyzed PI in vacuwr &ram 302°-405°C and
obtained 5.2 pér_cent by weight of dipent;exie. bb arept was made to
_examine the light hydrecarbons.

Vachr:w:‘ot:10 pyrolyzed Hevea rubber (97 percent cis 1,4 and 3 ﬁercent
3,4 wits) in nitrogen at 500°C and obtained C;-Cpq hidrocarbons. sasing

on total volatiles, the yields of isoprene and dipemtene were 66 percent

e e A e R A N S i o i e e DA A S VAT AR S T ST
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and 30 percent respectively. Other PI samples with different structures
were also examined.

More recently, Van De Weil and Tcxxmassenm studied the pyrolysis
of Natsvn 200 PI at 620°C in a flowing stream of nitrogen and again iden-
tified C;-Cy, hydrocarbons. Basing on total volatiles, the yeilds of
isoprene and dipentene were 19.5 percent and 6.4 percent.

In the present study., -pyrolysis of PI was performed from 315°-384°C
'in a flowing stream of helium. Products from Cl'CIG hydrocarbons were
idenrified by MS. At 384°C (10 min), complete pyrolysis of the polymer
yielded 29 percent by weight of isoprene and 60 percent by weight of di-
.pentene. | ‘ _

‘Jao:herot15 had shown that the ratio of dipentene to isoorene obtained
in the pyrolysis of PI decreased with increase in pyrolysis tetperétm:eé
ad was independent of the molecular weight of the polymer. The ratio
of dipentene to isoprene was about 2 in &\e present work and an average
ratic of about 1 was found by Madorsky et al.}3 between 302°-405°C. Va-
cherot and Marchal15 obtained ratios of 0.45, 0.35, and 0.15 respectively
at 500°, 600°, and 800°C. The value at 600°C could be corpared with 0.3
as reported by Van De Weil and Tormassent® at 620°C. On the other hand,
Hulot and Lebel® had shown that at 700°C, the iayrolys_is of PI gave essen-
tially the monomer. The conclusion that can be drawn from the above is
that at high temperatures, isoprene is formed at the expense of its dimer.

when the products in this work are compared to the above cited stu-

4

dies®10,13,14 " 1y three products are in comon. They are butenes, iso-

prene, and dipentene. C].-C3 hydrocartons were identified in the two more

recent s:udiesm'm but were not reported in the two earlier worksa'n.
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These hydrocarbons are believed to be present, but owing to perhaps ex-
perimental difficulties at that time, the,eérlier workers were unable to
identify them. » 7

The results by Vacﬁerotlo cc&pafes most favorably with this work.
Eleven out of 16'products found by this worker are in comon with the pre-
sent study. Methyl cyclohexene was foﬁnd by Vacherotlo and'MidgleyA,
this work identified its isomer, 2,3 dimethyl cyclopentene instead.

Midgley4 identified p-zethyl—éthyl benzene, a probable secondary
product of 1 mgthyl-&-ethyl cyclohexene found in this work. Benzene was
reported by Madorskyl, Van De Wei1! and Midgley” but not in this work.
Banerjee et al.l” pyrolyzed Hevea rubber at 900 Cand found significant
annum;s’of benzene, toluene, and mexylene, Secondary reactions were
proposed for their formations.

In order to reconcile to some extent the above cited results, a
discussion of the mechanisms of the pyrolysis of PI is necessary. To
account for the formations of iséprene and dipentene, the following me-.
chanisms are prﬁposed.‘

Chain Initiation
Gy ‘l’“a .
-CHz—CH - é —CHQ—CH = C - CHZ
'C‘*z‘c‘"f' + 'C“z“f'c*’f‘%ﬂ‘z' '
Gy Gy
1 u
+ -ct_{z-c|:-cu- + -cuz—ca-?-cuz-cuz-
CH, Gy

111 v

a scissions

(¢))

i N 0 L GRS S
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g scissions - . o .
Bscissions | gy -ai=c-CHy + O (l: cH-ciy
CHy | CH,
v oW
where I and IIT are vinyl radicals, II and IV are alkenyl -radicals,
and V and VI are allylic radicals.

'Unzigé ing

Isoprene momomer can be formed from scissions accompanied by 1,3
and 2,4 hydrogen transfers involving III and TV respectively and also
from V and VI with no hydrogen transfer.

Il or IV —s IiI' or \IV' + isoorene  (2)

V or VI V' er VI' + -isom:éner (3

Unzipping is more important in PI than in polypropylene. At 184°¢,
basing on total wolatiles, the fomat’ion of isoprene was about 29 percent
by weight while under similar ‘conditions, the yiéld of propylene was V
about 10 percent. Unzipping in PI becames even more irportant at high
temperatures and for polypropylene, it is still not the dominant reaction.

Binder and Ransat»:l8 and ‘Hackathorn and Brock]'9 showed that the main
products of thermal dimerization in the pyrolysis of PI was diprene(l methyl-
S-isoproperyl cyclohexene). This work, however, found dipentene as the
main dimerization product. ' '

There are 18 possible dimers of isoprene and only A cyclohexene
dimers have been produced in identifiable amounts in the pyrolysis of PI 0
These &4 dimers are dipentene, diprene, 1,5 dimethyl-5- vinyl cyclohexene
(1,5 Ve, and 1,4 dimethyl-4-vinyl cyclohexene (1,4 DWC). Wicl'_xout
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- considerating the presence of 1,2 units, the formation.of these compounds

are illustrated in the following Equations.

£ G,~-C= CH - CHZ}2 — dipentene + 1,5 dimethyl-5-vinyl
. cyclohexene
3 ’ O]
(lol‘ - 1-“) ’

-d{z—(l:-?ca_—-u{z—%m=?-mz— —_— diprené +

1,4 dimethyl-t-vinyl

CH CH . cyclohexene
(1,6 - 4,1)
—CH~CH = C ~CH,~ CH~ CH~ dipentene  +
2 |l “2 | 1,5 dimethyl-5-vinyl
(}!3 ICI -CH3 - cyclohexene 6)
@1 - 4,3) )
" and
-(l}l -CHZ—CHZ—CH = (ll -Cy-  — diprene .
‘*i -Gy Gy %

o4y
(3.4 - 4,1

1t is apparent from the above illustrations that the dimers one

_ obtains depend on the structure of PI t;\sed and any irregularities thereof.
The sémple employed in this work consists of 97 percent cis 1,4 and 3 per-
cent 3,4 units, hence, all of the dimer products produced from Equations 4-

7 need to be considered. ’ |
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Since the presence of 3,4 units and structural irregularities are
smll, Equation &, which describes the regular 1,4 units, is the major
source of dimer oroducts.. This Equation also represenﬁs the formation
of ‘dipentene and 1,5 DMVC from the allylic radicals V and VI as shown in

‘ Equation 8. '

V or VI —e V' or VI' + .dipentene + 1,5 dimethyl- -5-vinyl
cyclohame
®)

The formation of the above two products is f\'n’ther enhanced by the
. presence of 3,4 wnits as shown In Equatiém 6. The presence of 3,4 units
also leads to the formation of diprene(Equation 7) which is also formed
together with 1,4 DMVC from head-head linkages of 1, 4 wnits in Equation 5.
The allylm radicals V and VI are primarily responsible for ‘the
formation of dipentene as shown in Equation 8. These allylic radicals are

formed by 8 scissions of the polymer chain as illustrated in Equation 1.

However, Madorsky .in his text21 had reported that the 2 bonds, while wea-
kened by being adjacent to a tertiary carbon are at the same time streng-
thened through the resonance from the double bond and as a result, the «
bonds are generally weaker than the 8 bonds. It is believed that the re-
sonance from the double bord 1is actually hyperconjugation (n§ bond reso-
nance) and its contribution to rescnance stabliz.ation is negligﬂ:le Re-~
sults from this study has shown that 8 bonds are the weaker bonds as were
also reported by Bolland et al.?! and Jellinek?Z,

Vacherot and Marchal15 obsexrved that the presence of 3,4 units in
PI yielded an additional Gy, hydrocarbon product and that the ratio of

areas of this peak to that of dipentene varies linearly with the ratio
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of 1,4 and 3,6 units. This hydrocarbon was later identified by Vacherot'?
to be 1,5 IMVC. Its yleld was increased from 2 percent for Hevea rubber
with 97 percent cis 1,4 and 3 percent 3,4 to 29 percent for a PI samle
with-46 percent cis 1,4 and 56 percent 3,4 units.

In the above study, pyrolysis was performed in a stagnmt nitrogen
‘at:msphere and a Diels-Alder reaction imvolving a 3,4 wnit and an isoprene
monomer was proposed for its formation.

s oy g oy Lrmpt O
i s
)

" It is apparent that the above secondary reaction deperds, of com‘sé,
on the close proximity of isoprene monomers. 1f the isoprene is not
flushed away once it is formed, the above secondary reaction is highly
probable. In-the present study, seccndary reactions were minimized by a
sweeping atmosphere, thus the formation of 1,5 DVC through 3,4 wits in
this manner (Equation 9) is less likely to occur.

Besides dipencene,'only one ClO hydrocazjbon has been identified in
the present work and it has a molecular weight of 136 as determined by
MS. This dimer is probably 1,5 IMVC formed together with dipentene from
‘the allylic radicals V and VI (Equation 8). The presénce of 3,4 units in
the polymer chain further enhances its formation (Equation 6). However,
two other dimers, diprene and 1,4 IMVC, formed from head-head linkapes of
1,4 - 4,1 and 3,6 - 4,1 units (Equations 5 and 7) are also possible can-
didates.
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Chain Propagation

The discussion of the mechanism of the pyrolysis of PI is tradi-
tionally based on the two major products, isoprene and dipentene. The
author is rot aware of any significant work that includes the discussion
of the formations of minor products. These prcdui:ts can be formed as .
shawn in the following Equations. The underlined compounds were those
found in this work and compounds with dotted lines were also found but
fonned by secondary reactions. The nurbers above the arrows indicate the
rodes of hydrogen transfer-while those in brackets represent the posi-

tions of the carbon atoms at which transfer processes take place.
From the vinyl radical I

I 1!3 Il

+ 1, 3 pentadiene
——— I' + 2,3 dimethvl cvclopentene + methyl cyclohexene
+ 1 3 dimethyl cyclohexadiene
———— I' 4+ 1,4 dimethyl cvclchexene + propylene
+ 1,3 butadiene . .
——— % TI' + ethane + m-xyleme + 1,3 pentadiene
———e T' 4 ethylene + 2 methvl-l-butene + r_n:)_cylgr_\g
——— V' + 2 methyl-l-butene + m-xylene + acetylene
+ propylene
—L2 V' + 1,2 butadiene
v o+ 1 5 dimethw vinvl cvclohexene , (20)
-+ I,5 dimethyl-5-vinyl cyclopentene
+ isoprene + 1,2 butadiene -
+ 2—%:&2 + pent—l-en—3 yne




From ﬁhe alkenyl radical II

11

T T E

From the vinyl

1,3

11—

II' + 1,3 pentadiene

II' + mxylene + ethane

II1' + ethylene

III' + methyl cyclohexene + 1,3 dimethyl cvelohexadiere

~ - +dethvlene + 2,3 dimethvl cyclopentene .
+  2-butene

III' + acetylene + propvlene + 1,3 pentadiene
+ 2-butene + isobutylene

IIT' 4+ 1 methyl-4-ethyl cyclchexene + proovlene
+ m-xylene + ethylene

II' + 14 dimethvl cvclohexene + 1,3 butadiene
+ T methyl-1, 3-butadiene + acetylene
+ propylene

-VI' + ethylene

VI' 4+ methyl cyclopentene an

VI' + m-xylene + propane + propylene
+ acetylene + ethane + {sobutylene

radical IIL

III' + isoprene + dipentene

1IT' + 1 methyl-4-ethyl cyclohexeme + propylene
+ moxylene

II1' + 1,4 dimethvl cyclohexene + toluene
+ 2 methyl-I-butene :

II' + ethylene + propylene + isoprene
+ mxylene

I1' + 2-butene + isobutylene : (12)
+ p-methyl-isopropenyl benzere

VI' + p-methyl-isopropenyl benzene + isobutylene
+

ethylene + propylene




From the alkenyl

v

From the allylic

v

T

[= (=3
W
)

o F\)
o - e
[~ ‘v

|

1,3

N
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radical TV
w o+ isogrene'
V' + dipentene
V' + mxylene + ethane
V' + mexylene’ + ethvlene + 2 fethyl-1-butene
+ 1lsoprene . ’
V' + 1,4 direthvl cvclchexene + toluene
+ 2 methvl-1i-butene N
1' + ethylene ' : : (13)
I' + 1,4 dimethyl cyclchexene ‘4 1,3 butadiene
'+ acetyleﬁe + 2 cethvl-l-butene + propylene
V' + isopreme + 3 methyl-1l, 3-pentadiene
V'  + 2-butene + ethvlene + m-xylene

radical
v o+
v+
v+
'+
' +
Y

' o+
+
W+
+

v

isoprene

dipentene + .1,4 dimethvl vinyl cyclohexene
3 methyl-1, 2-butadiere

methyl cyclopentene

toluene + preovliene + iscbutvlene
ethylene + isoprene + moXvlene

2 methyl-2-butene + ischutvlene (14)
mexylene + ethvleze

lene + ethvlene + isobutylene
thyl-2-butere

m-Xy
2-me
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- Firelly, from the allylic radical VI
VL ——— VI' 4+ isoprene
i £ S 'd-ioc-méne + 1,5 dimé,thvl.vihvl cyclohexene
.L:.-..;& I1' + dimethyl acetylene v
s T+ omoxvlene 4 “ethvlene + 2-butene
' © + methyl ¢yclopentene o »
e III' + methyl cyclepentene - . (19)
———+ III' + toluene + provvlene # ethviene ‘
+ Z-buténe + 2 methvl-2-butene
— TII' + 1,4 dimethvl cyclohexene + acet’ylen-e'
+ Z-butene

Crain Termination |

Termination is thought to occur either by disproportionation.or

the disproportionation between-radicals T and II is 1lluétrated ‘in Equa-
tim 16 ' ‘
-CHZ-CH =C + -CHZ'-(}lZ—CH = C -y~ ————
| A o & a6
—GIZ—CH-CH—CH3+CH2-Q{-CH-C-O{2— ’

Ezetion 17 shows the combination of -allylic radicals V and VI.

-Q{Z—CH-?—Csz + ,-cuz—m-?-atz—’ —_—
Gy - an
~Gi~CH = c|: ~CH,~CH,~CH. = c|: -G~

Giy Cily

corbination of the radicals in different corbinatory paths. For example, .
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The formations of m-xylene and toluené can be attributed to second-
ary reacticns irwolving 1,3 dimethyl cyclohexadiene and methyl cyclohexene
respectively. The two latter corpounds avre predicted in the above mecha-
nisms but were rot found merimentallv;

AC, OH‘“ hydrocarbon, p-methyl-isoprooenyl benzene is predicted but
was mot found. It could be the secondary product of dipentene. Finally,
the CDH% hyd:écarbons are possibly trimers of isoprene.

As seen from the above mechanisms, radicals I through VI all contri-
buted to the forrations of products in the pvrolysis of PI. However, only
T the all :Tic radicals V and VI ccmtributed the rost since they were the

pr:rur\ sources of isoprene and dipentene. It should be pointed out al-
“thdugh isoprre and dipentene could also be formed from radicals IIT ad
IV, :}\e_hydm_:igen transfer processés irvolved had rendered these radicals
less fayofable :t;*.an the éllyl-ic- radicals V and VI for the formation of
these tm produits. '

The activation energy for the pyrolysis of PI in this work was found

to be’ 41 lv:al rele 1. This is low when corpared to that reported by M-
dorsky w*n obta‘.md an activation energy of 56 Keal mole” -1 for natural
rubber in the tecperature range from ‘90 -306°C. ‘The msult can be ex-
plained by the presence , of tertiary hydrogens from the 3,4 units in the
saple used in this study. These tertiary hydrogens were especially sus-
ceptable to oxy?en attack, thus decreasing the activation energy of chain -
initiation and increasing the overall activation energy.

A T LT B e
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Conclusion

Pyrolysis-GC-1S had been used to study PI. The rajor products were
isoprene and dipenzene which occunied almost 90 percent by weight of the
total volatiles when ecepletely pyrolyzed at 384°C (10 min). The ratio
of dipentene to iscprene decreased with increase in pyrolysis temperatures

A simple mechanistic scheme was proposed which imvolved a and 8 sci-
ssions of the polvmer chair to acceunt for all of the products. In generzl,
products could be -forned from radicals resulting from both types of sci-
ssions, however, :h::s{. from 8 scissions, the allylic radicals were respon=
sible for the fcr:.:-lcn of jsoprene and dipentene. Tnis led to the con-
clusion that the = bonds are weaker than the a bonds 67 the polymer chain.

Products reperted by different investigators differ from one another
because of variations in experimental conditions and szples erployed. “
In this study seccndary reactions were minimized by eonducting the pyro-
lysis in a sweeping awosphere. However m-xylene and toluene are beli-
eved to be secondary products. . . ‘

Finally, the activétion energy obtained in this work was lower than

* that reported ir the literature.: ’mis was mainly dxe to the presence of
-3,4 units in the polymer sarple used.

Aclmowle_dgenenc .
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CHAPTER VIII
QUIMATIVE PYROLYSIS OF POLYISCPREXE
.Abstract

Natsyn 2200 polvisoprene(PI) was pyrolyzed in air from 260°-340°C
with a novel interfaced gas chromatographic peak identification system
(IPCCS).  Pyrolytic products were separated by temperature prograrted

_ gas chromatography (&) and.analyzed by mass spectrometry AS).

The ignition characteristics of PI were studied in air by thermo-
gravimetric aralysis(TG) and by differential therral analysis(DTA).
The oxidative pym‘-.::sis of polyisoprene followed fir-.st-orrderb reactien
kinetics. The rates of decorposition at different temperatures were
determined and an activation energy of 27 Keal mole ! was obtained for
the process. |

. The main pyrolytic products (up to Ca) were ketones, aldehvdes,
. and hydmcarboné. The latter are believed to result from intrmmlecmﬂa: .
chain transfer processes or from thermal decarboxylation of acids: Mes
thanol was the caly alcohol identified in significant amount. A sirple
mechanistic schece was proposed which iﬁvolved C-C scissions of the ter-
minal and backbore alkoxy radicals accompanied by H and -Gy transfers
to account for all of the products.
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Introduction

Much of the present knowledee of the oxidation of PI is based on ..

. the more precise studies that are possible with model corpounds which

are usually alkenes, cyclenes, and oligmers such as squalene.

Almost all Wcm poly(diene)s have structural irregularities
such as 1,2 or 3,4 linkages, cyclic structures, head-head and tail-tail
linkages, and coﬁjugated poiyenes which can exist at the ends or along
the length of ‘the polymer chain. Alt}nugh the concentraﬁion of these
defects is usually very small,yet they can always affecﬁ the oxidation of
the polymer. For ex.aﬁple, the presence of 3,4 linkages in PI introduces
tertiary hydfogens which are easily abstracted and are potential sites .

for oxygen attack.

Ca.amxp‘bell1 had shown that the infusion of a conjugated triene or a -
conjugated tetrene in peroxide-cured r\ibbef increased the rate of thermal
mddaticn. According to this author, conjugated polyenes form a labile
oxidation product, probably a polyperoxide, capable of oﬁdizing, PI chain.
Hence, polymer ixrregularities {ntroduce uncertainties in using model com-
pounds in the understanding of the chemistry of the oxidation of PI. As a
result, different mechanisms have been reported.

A lot of studies have been reported in the ‘aging and oxidation of
PI at temperatures in thé vicinity of 100°C, however, there is as yet no
significant work done at high temperatures vhich is essential for applica-
:ion_s requiring flame resistance.” At high temperatures, thermal degrada-

tion coupled with severe oxygen attack on the polymer cause extensive clea-

- vage of C-C and C-H bonds resulting in fragments which are potentially

flammable.
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In this work, pyrolysis-GC-MS was used to study the oxidative pyro-
lysis of PI. The IPKCS employed was described in Chépter II1. The mecha-
nisms of the pyrolysis process were discussed according to the nature of
the products. The ignition dxaraéteristics of the polymer in air were in-
vestigated by TGA and DTA. The kinetics of the oxidative pyrolysis of -
this pol§n9r were also examined. . R -

" Experimental

Natsyn 2200 (Goodyear) PI, employed in the pyrclysis experiment in
the previous Chapter, was also used in the present work. '

The pyrolysis temperatures were determined by TGA (DuPont 900 ther-
mal analyzer) in air at a flow rate of 25 ml min -1 and a heating rate of
30°C min 1. To investipate its ignition characteristics, the experiment
was repeated at an air flow rate of 60 ml min~} at the same heating rate.
The result was corpared to that of DTA (plug-in module for DuPont 900
thermal analyzer) under similar conditions.

About 6 mg of sample was used in each pyrolysis experinent The
polymer was pyrolyzed with MP3 in air at a flow rate of 25 ml min~ -1 at

268°, 290°, 315°, and 340°C respectively. The proceddres were similar to

those as described in the previous Chapter. A Chromosorb 102 colum .

(12 fr x 1/8" 0.D.) was ﬁsed‘ to separate the products with flame ioniza-
tion deteéction. The products were identified by MS. The oxidative pyro-
lysis of PI followed first-order reaction kinetics. The rates of decom-
positian and the corresponding activation energy for the process were de-

termined.
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Results

Figure 1 compares the TGA curves of PI in-air at flow rates of

25 ml min"} and 60 ml min~L at a heating. rate of 30°C min L,

1

Figure 2

shows the DTA of PI in air at a flow rate of 60 ml min ~ at the same

. heating rate. - Figure 3 shows the py’rogrm;a obtained with the Chromosorb -

© 102 colum at 388°C. The mumbers followed by x signs represent the de-
tector attenuation factors and those adjacent to each pe‘ak refer to the
peak mmbers in Table 1. This Table shows the MS fra@ﬁentétiori patterns
of those products that were found in significant Mts experimentally.
The underlined mass mnﬂ:eré represent the most ‘abundant species.

Figures 4 and 5 show the results of the rate of oxidative pyrolysis

of PI and the first:-ordér kinetic semilog plot.- The corresponding Arrhe-‘
{us plot is shown in Figure 6. Table 2 sumarizes the results of the ki-

netic studies of the oxidative pyrolysis of PI,

Discussion of Results

The aging and oxidative degradatién of PI have been the s@ject:of
_ Tumerous studies. The investigations of the autoxdidative degradation of
natur':al rubber dated back more than a centm’yz. The formation of peroxide
groups in this process was cianonst:rated as early as 19153.

Various mechanisms have been proposed for ‘the .chain scission reac-
tions of rubbers. Bolland et al.4'5 proposed that an imstable g-peroxy-
alkoxy radical was formed and decorrpOwd by -a sequence of steps to account
for the products. Bevilacqua6'8 formilated a mechanism for scission bas-
ing on the products of oxidation and oxygen consumption in the oxidation
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of Products from Oxidative Pvrolvsis

of PI ar.383°C :

Peak
nurber . Product
- Carbon dioxide®
1 Ethylene
2 Ethame
- Water®
3 Propylene
4 Propanev
5 * Formaldehyde
6 Methanol
7 Acetaldehyde
'8 Acrolein
-9 Propan—l-al.
10 Acetone
11 Metﬁ.ﬁcrolein
-12. Methyl Vinyl
Ketone
13 Butan-1-al
14 Methyl ethyl A
_ Ketone

44,
28,
30,
18,
42,
b,
30,
32,
44,
56,
58,
58,
70,

70,
72,

72,

28

27,
29,
17,

41,

43,
2,

43,
é_];v
43,

_S_S_n

68,

50,

55,

Fragmentation pattern

26
28, 27, 26
16 '

39, 27

29, 28, 27
28
29, 15
42, 29
39, 27
41, 29

41, 39, 29

67, 53, 62, 41, 40, 29, 27
42, 41, 39, 29

43, 42, 39,27

Zpetected by MS
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Kinetic Results of the Oxidative Pyrolysis of PI

Terp, °c Rate Constants, sec -1
268 ‘ 4.0 x 107
290 o 6.3'x 107
315 .  40x107
340 o sexw”
Activation Energy, 27

Keal m’)].e.l

of latex and of dry rubber. This aucﬂor' concluded that the efficiency
of chain scission of natural rubber by rolecular oxyge"x increased rapidly
with increase in terperature to a 1ixﬁiting value of about 6.2 molecules
of oxygen per bond cleaved. This value is close to the theoretical for
destruction of one isoprene unit per chain cut. In a separate work, Be-
vilacqua et al.? studied the oxidation of cis PI at liOQC and products
boiling lower than water were i{dentified by comparison with & retention
times ard infrared spectra of authentic compounds.

Ameronge 10 compared the oxidative and non-oxidative thermal degra-

dation of rubber and concluded: that at moderately high terperature, the
deterioration of ribber was due not.only to oxidation but thermal decom-
;Sos'iti.dn'aé well. Scheele et al.u studied the oxidation of cis 1,4 PL
at 120°-150°C and found methyl vinyl ketone, methyl ethyl ketone, metha-
crolein, and acetone as major products. Minor products include_d wethanol,
acetic acid, and acetyiene. These authors_concluded that stereochemistry
had no mflueuce on oxddation mechanisms since natural rubber, cis and
trans PI all gave the same products.




Voigt a:‘d'xruegeru at moderately low temperatures found acetylere,
acetcxe, methano 1 and vinyl acetylene as the oxidative degradation pro-
ducts of PI. These authors suggested two possible mechanisms for the oxi~
darive chain cleavage of the polymer, one in which the primary oxvgen

attack occurred at both allylically activated a-methvlene grevps, end &
_secend in which attack occurred prefereﬂtially on the a-methylene gD
mext to the oo Hyl -substituted carbon. | ‘

‘brmdu reported the oxidative degradatmn of PI at IC-O'C (3 hous)

| ard o*:,ax‘.ed 26 products by GC. Product jdentifications were cbrained
by cooparing C retention tires, infrared, nuclear mgnetm rescnance and
Imﬁ s;.\e:t:a sth those of authentic cormounds. More recently, the effect
of molecular weight on the rate -of oxidative degradation of natral nbb
14

at 125°C was mned by Safronova et al. ‘These authcrs concludad

that the rate increased gradually with the molecular weight of the sawle
ad leseled out at a molecular weight of about 2 x 106.

‘ihe di sﬁ:ssicn of the above studies is not at all irrelevant here
since most of the products identified in this. work coampare  favorsbly with
those obtained by Scheele, Voigt and Bevilacqua at temperatures from 120°-
150°C. Tespite the difference in temperature, fundamental reactions such
as the formation and decomposition of hydroperoxides, C-C scissions, etc.,
are srill the same.” The complexity of the nature of the products from
oxidative dagradation of PI had been shown by MorandlS. In order to sim-
plify the situation in this discussion, no attempt was made to identify
products higher than Ca.' A discussion of the mechanisms for their forma-

tion follows.
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Chain '_Initia:‘lczl
- G{Z—G‘ - ? -C'{Z—CHZ-—CH - (i‘. -CH2- ———

i

3 cH

3
-CH,C = (,: | +  CHyCHy-CH = ? -CH,~
Gy Lo

o
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- Chain Propacaticm

Radicals I''— VI" can extract a hydrogen atom intermolecularly to
' glve the corresponding hydroperoxides of transient stability. Loss ofv
-0H leads to the rospective alkoxy radicals I'"" — VI'""'. Scission of
C-~C bonds accm.;‘s:‘ied by ‘Hor -CH3 transfer yields the products below
where the Ws adove the arrows indicate the particular C-C bond se-
vered The underlined products correspond to those found in significant
Founts expéri.m:auy.' '
Fram I
-alG € -G Gl €0 A3 . v+ acroletn
0{3 : % —34—“—-—v+crx2-c-c-cx3‘

+ Methvl vinyl ketone + Methacrolein
4 Tl= CH ~C = Q)
S
+ CHy-CH = CH ~CHO

| . 2
A5 L1+ Acetylene + Acetone
+ cuz-,cu-cn{-tlz-%
. - G
+'a{3-m-c-(‘:-q{3
OH
+ (}!3—0‘1-(31-?‘—&3
]
+ cua—cu-CH-?-a{z-
: LS
3 methyl-4, 5-dihydrofuran

+
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~tie I 4 Methyl vinyl aEetyléxxe + Acetone
+ G13'—CH = CH —CHZ—CH ="CH-—ﬁ —C'HJ

+ O ¢ ~CHly~CH = CH {u ~CHy
Cty
+ Gy Gi= G g ~CH = CH-CH,
0

-+

| i3
+ Gly-CH = G -CH = G <G = C ~CHy @

G, W
+ m;m-m-'cnu?—?-cxz
v_on CH,
+ %—G(-CH*—(I}HIH-CH—(}%
' OH

From II"'

~Cil,~Ctl,~ ? - Gt -QL,-Ci,0-
; Gy

-—1.-1'-2—' V + Formaldehyde I~

23, 11+ Acetaldehyde + CH, = CH —OH A

23, II + Acetylene + Acetone
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4 G- = CH -Gi,~CHO
A - < .
+ CHy= C = C ~CH OO0
+ C,= |c ~CH,~CHO
4 "CHCH = CH ~CH,~CHO
+ GiyCH = C = CH ~CHy-0il '
2 mthyl-S—hydroﬁxran
TN S Methyl acetylene -+ Acetone (%)
4 ca3—c‘: = CH -Q,~CHO -
+ CH, = ? ~CH = CH ~CH,~OH
- ol
+ CyCHy~CH = CH -CHyCHO.
+ Gy~ CH = C = Gi -CH,=Cl;-0
+ 3 methyl-2,5,6-trihydropyran
From III"'
- -Gy c‘: = CH -G~ CHy- ?.- CH ~0-
CH, - o,
1,3
-=t== II + Acrolein o W
3,4 :

S yI 4+ Methacrolein + Methyl vinyl ketone
+ CHyGl=C=CH=0H

4+ CHy= CH—CH=CH-OH

S e N e e e S e e A e i S s e R AL b B i A i i
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Acetylene + Acetone |
CH,CH = ? - o

Gty
CH2= CH~ (!3 = CH — OH

G

: %—av{z—bla{ . CH ~CHO .

CHy~GHy~CH = C.= CH—OH .

3 me tﬁyt% S dinydrofiran

Methyf\ﬁhﬁ acetyléne + . Acetone .
Gy~ O = CH — Gy~ OB »(l:—'cm

'caz=c-ai—ax2—cxizéc-cu-ori

%

CH,= ? -ca,z-'dx = ?‘— o

Gy CHy
axz-cl:'—,c&{scx,-clzacn—m

CHy Gy
m3—cl:_-=cu-cuz.cu-c-cn-qa
oy |
CH.~ C = CH —CH =CH —CH,-CHO

3 l 2

Gy




R e B S S el e N B g e e T AR B e R e R

178

+ CH3-CH=(|2—CH2-CH=C=CH—OH
Gy
+C1-{3—CH=?—CH=CH—CHZ—CHO» %)
oy
S+ 2,6 dimethyl-4, 5-dihydrooxepin
From TV'"'
-CHz—CH = ti: —_CHZ—CHZO'
(}13 . ‘
A2, v + Formaldehyde

Acetaldehzde + CHZ- CH-OH
A IV + Acetylene + Acetone

23 01

+

+ Q‘I:;-CH‘CH—CHZ—.CHO
+

Gty ¢ - Gy G0

CH3 .
o+ caz-?—cu-m-on
CHy

4+ 2 methyl-4, S-di_hyd'rofm'an

From V"'

L2, 1 4 Formaldehyde

—
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+ Methacrolein + Methyl vinvl ketcnme

+ CH,~CH = CH - Q0

3

‘Acetylene + Acetone

ca3-cu-cl:-—cno + mza_ai-?:rmo
CHy : Cily
Gy CH,~CH =CH -CHO
CHz=CH—?=CH»~CH
Gy

CH3—CHZ—€H=C-CH—OH

3 methyl-2,5-dihydrofiran . . (&

Methyl vinyl a;:etylene + Acetone

G, CH = € -an’
CHy

cuz-m-a{-?-mz-ori

Cy

- CHy~CH,~CH,~CH = CH -GH0

CH3-CH = CH-CH= CH—Q{Z-G{

3 methyl-2,5,6-crihydropyran
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Rmvl""
~? = CH ~CH,~CHy™ C =
¥,
L2 g1 o+
TS S
+
A2 v+
+
+
+
+
+
-§-‘£7> IIT +
+
+
+
.
+
+

i B

CH-CH,0-

Formaldehvde

Methacrolein + CH3—CH = CH-(10
Yethyl vinvl ketone

Acetylene + Acetone
,(}(3—(!:-01—{}10 +‘ G{2=?—G{2-(}D
Gy v iy
CH3- CHZ—CH = CH-CHD
Ctl,= (|3 ~CH = CH-(H,
-9
'CH3-(}{ =C = CH—-G{Z—OH

3 methyl-2,5-dihydrofuran

Methyl acetylene + Acetone
iy~ € = GaD
G5Oyl = GHaD
Gy = G € = GO 08
%
GlyGy-Oi = € = GO0
GG = G0 = CH-CH,OH

4 methyl-2,5,6-trihydropyran

0]
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As in the oxidative pyrolysis of polypropylene discussed in Chapter

V, intraolecular hydrogen abstraction, followed by loss of O, C-C sci-
ssion, H- or -CH3 transfer and H- abstraction can lead to the same pro-
“_duccs as shom in the above reactions., This is illustrated for 'absf::ac-

‘tion of an allvlic hydrogen by radical V.
. ~Ot - .
3O = f‘: -CH-0H ———— -Cﬂz—m = (!: -CHO
W o

C-C scissions

Iv + Methacrolein (8)
H* transfer

It should also be pointed cut that while the terminal radicals are
responsible for product formations, similar reactions may occur through
‘ backbone radicals as well. These radicals ¢ be formed by direct cxygen
attack at either the unsaturated center or At the alpha methylene. This
is illustmted.for the formations of metharol, propan-l-al, butan-1-al,
and methyl ethyl ketone which were found in significant amounts in this

~ study. OCH

ﬂw-'fﬂwﬁﬂ—?%?
% %

I + _Pmp_agz—l-al + G{3*wv\-

~ C-C scissions
H- txansfer
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~CHy- (I: = G-CHy-CHy- ? ~CH-CHy~
Gy CHy
2O I+ Methyl ethyl ketone 10)
etc. ,
.+ CHy-GH,~ or Cily= G-
) (lx)ﬁ
~C,- <|: = CH-CL,-CH,- (|: GGt~
sk IIT + Butan-l-al + Methanol
. transfer :
- etc. ' + CH3 MNAN

Chain Termination

This can ocour either by disproportionation or by corbination of
the radicals resulting from the above chain propagation steps in a simi-
lar mer as described in Chapter VII (Equation 16, 17). Termination

may also ocar by a birolecular process such as shawm in Equation 12.

(ln. oo
—aiz—éﬂ-ti:;mf +  AACHGE = C -CH-
a4 Gy
0 (12)
- . [l il ’ ’
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n ard Voigtu found ‘acetylene and vinyl acetyleﬁe, these

Scheele
pr'bducts. wére predicted but ot found exverimentally. Buten-2-al, found’
by bbrandn was also predicted but owing to its relatively higl{ boiling
point (105°C), ‘it was not separated by the Chromosorb 102 colum under
the e:q»e"ir‘g"\tal conditions prescribed. Ahost all of the other Cq and

aldehydes and ketones were identified Methanol was the only alcohol
found in significant amount. No acids were identifled in significant
quantities, it is believed that they decarboxylated into hydrocarbons
,and €0, at the temperatures enployed in this study. .

"Ihe'IQ\ofPIinairatZSnﬂ.min'l

showed no sudden weight loss
" which is usv_.allv associated with the ignition of the sample. However,
“at 60 ol min 1. the sample ignited at about 370°C as evxdgnced by a raoid
weight loss at this temperature. The ignition was -confirmed by the strong
e:cochermic peak at aboué the same temperature in DIA. The i@ition at
high air flow cculd be either due to an increase of oxvgen supply or to
the turbulence created by the flow. "Ihe 1at:tér situation best similates
the ignition of polymeric materials in éc;ual fize. ,
The activation.energy for the oxidative pymlyéis of .PI in this work

'1. ' She].t:on]‘5 had sbbwn that the activation energy for

was 27 Keal tole
the oxidative degradation of Hevea rubber between 50°-100°C was in the
range of 26-26 Keal mole”! and the same mechanism was found to extend
over the entiré temperature range. Considering the similarity of low-

" _boiling products between this work and other reported st:\.\:;li__es]‘]‘'12']‘3 at
mderately low temperatures,there is reason bto believe that the basic
degradation mechanisy shculd net be too different despite the huge differ-
ence in temperatures. However, an {ncrease in temperature certainly in-

creases the rate of the degradative process.
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Conclusion

Oxidative pyrolysis-GC-}S was used to study PI at temperatures
from 268°-340°C. The major products were aldehydes and ketones. Me-
thanol was the only alcohol represented under the prescribed experi-
mental conditions. Some hydrocarbons were identified and tﬁey a;:e be-
lieved t;o be formed either by the intramwlecular chain transfer pro-
cesses or by the themt'al decarboxylation of acids.

The oxddative pyrolysis of PI followed. first-order reaction ki-
netics and an activation emergy of 27 Keal mle ! was obtained. The
similarity of the products between this work and other reported studies
at moderately low temperatures suggests that the same basic mechanism
may occur at both low and high temperatures. Finally, a mechanistic
scheme was proposed to accunt for all of the products. This scheme
involved C-C scissions of the terminal and backbone alkoxy radicals
accompanied by H: and -(}{3 transfers.
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CHAPTER IX
: EFFECI OF VANADIIM ON PYROLYSIS &D OXIDATIVE PYROLYSIS OF POLYISORPREE
A-stract

Natsya 2200 polyiscrrene(F T) was hydroxylated with peracetic acid and
reacted with vanaditm oxytrichleride(VOCl,) to forn a vanadium-coordi-
nated polyisoprene(VPI).

The thermal stabilities = ignition characterisites of VPI in

irert and in oxidative c\tZL sphezes were studied by ‘thermogravimetric
“analysis(TGA) and dlfferar'la- thermel analysxs(UrA) Pyrolysis and
oxidative pyrolysis of VPI were ccn.acted with a novel interfaced pvro-
lysis gas chrcnncographic pe-s_-: identification system. The processes
followed first-order reactiom kinmetics. The rates of decompositica and
the corresponding activarion enerzies were cmparéd to those obtaired
.for neat PI.. The presence of venadiim in the polyrer was found not -to
. afzect the nature of the ptoduc.,s.

The thermal stability of \PI and PL was very similar in inert
atmosphere in the temperature range studled  Both polymers acquired an
) ac:ivatmn energy of about 40 Rcal mole 1. -Product dlstnbutlons, hove-
ever, were very different betwe=n the two polymers. VPI was fourd to
form less volatiles (peak areas ip to C16) than PIL.

In oxidative envirooment, VP1 was rore stable than neat PI result—
ing in lower rates of deccrposition and a higher activation energy (50
Keal mole™} vs 27 Keal mole’l). Char formation was attributed to this
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stability. Under this conditiem, the formation of all major products
wexe suppressed. The self-ignitim temperature was alsb increased from’

370°C for neat PI to 475°C for VPL.
Introduction

) Mauch of the original action of flame retardation of polymers was in
the fieldof plastics, and relatively little attention was paid to the
flamability of elastomzric prmacts. Even though the ignition and burn-
ing characteristics of rubbers were a matter of scme cercern in a  few
applications, the total volume of rubbers used in fhese applications was
rather small and consequently, research in this subjegtllagged consider-
ably behind the corresponding efforts attributed to plasiics. The rapid
j.xacrgase in the use of eiastcmers in nany ccnsumef oriented applications
has recently caused greater emmhasis to be placed on the flamability
behavior of these materials. '1‘*% mwakening interest in the flarmability
of elastcmers is reflected in the sharp increase of studies on the sub-
ject over the past ::k:cade1

According to Fabris and Sa'ne.z three aoproaches have mainlv been
used tc prepare rubber compositions with decreased tendency to burn. The
first approach irvolves corpounding with flame recard;mc' additives. The
second involves copolymerization with small amounts of special comncners
and the third approach involves postreaction of the elastomer with speci-
fic reagents. A runber of specific additive flame retardant formulations
for elastomers including those for PI are reported by 'I‘rexler3. A typi-
cal non-flammable natural rubber coqusition consisted of 40-55 percent

carbon black, 20-40 percent SiO,, 20-30 percent chlorinated plasticizers,
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4-8 percent calcium borate, 3-7 pe‘rcent zinc borate, and 5-8 percent
iron oxidesa.

In postreaction studies, Cockbain et 31.5'6 treated natural rubber
swollen with trichlorobrmn_n;edme with high energy radiation or with a
radical initiator. Addition of the halogens to the carbén double bonds
resulted in products which retained their high elasticity. In a similar-
reaction, Rosin and Asscher7 used carbon tetrachloride to react with i,&
polybutadiene in the presence of FeC13 catalyst. '

Among the comomomers claimed in the patent literature to impart
flame retardation to rubbers were bis(2,3-dibromopropyl). fuma:es, allyl
or vinyl phosphatesg. unmchlorosty'rez‘.e]fo. halogenated ol-efi.nsn, and

vinylidene chloridelz. The copolymers obtained were either used alone

or campounded with additives such as phosphate plasticizerg, Sb20310, or
alumina r:rihyd::ate]‘2 .

Regardless of which approach to use, it should be emphasized that
the factor o‘f greatest importance when formulating flame retardant com-
positions is that nome of -the.key physical properties of the rubber be
impaired, although corpromises between performance, burning characteris-
tics and costs have to. be considered.

The approach of postreaction was used in.this work to flame-retard
PI. About 1 percent pendant glycol groups wére introduced to PI by con-
trolled hydroxylation with peracetic acid. The polymer was then reacted
with V(X:13 to form a vanadium-coordinated polymer. The sample was exa- ,
mined for its behaviors in pyrolysis, oxidative pyrolysis, and ignition
characteristics. Results obtained from neat PI under similar conditions
were used for camparison. .
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Experimental

Sample Preparation

Natsyn 2200 (Goodyear) PI was purified by dissolving in toluene and
precipitating with acetone. The polymer vas then dried in vacuum. About
5 mg of the purified PI was dissolved in 300 ml of chloroform, and a so-
lution consisting of 2 ml of chloroform, 2 ml of acetic acid, and 2 ml of
peracetic acid was added dropwise to the solution. The use of acetic acid
was to introduce micibility between _chlm:ofom and peracetic acid. The
reaction was allowed tc run for 1C hours and base hydrolysis was performed
by adding small amount of IN MaOH and neutralizing the base with HCL. ]
After 20 hours, the hydroxylated polymer was precipitated with acetone
and vacum dried. The infrared spectrum of this saple showed small OH

- stretching between 3300-3400 cm'l, no carbonyl stretching was observed.

VPI was prepared by dissplving about 1 gmof the vhydroxylated PI in
100 ml of dry chloroform and a solution consisting of 1 ml (10 mole) of
VOCl,(Alpha Products), 5 ul of chloroform, and 5 ml of carbon tetrachlo-
ride was added to the polymer solution. The latter solvent wés used to
aid solution between VOC].3 and chloroform. The reaction was conducted

wnder nitrogen ina glove box for an hour in the presence of P_zos as dry- .

~ ing agent. After the reaction, excess solvent was driven off by a Rota-

vapor (Brinkmarm), the polynef, which was dark .green in color, was then

_ washed with dry carbon tetrachloride and vacuum dried at room temnperature.

Analysis of this polymer showed that it consisted of 3.4 percent by wei-
ght of vanadium and 3.09 percent of chlorine. The polymer was self-
extinguishing in air when ignited.
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~ Pyrolysis in Inert Atmosphere

TG and éyrolysis of VPI were performed in a similar marmer as
described for PI in Chapter VII. Abdut 4 mg of saﬁrple was used in each
pyrolysis experiment. The polymer was pyrolyzed at 340°, 362°, and 384°C
* for different periods of time at each temperature. The products were
similarly collected apd pyrograms obtained by temperature programmed: gas '
chromatography. The pfoducts (w to Cy¢) were similar to those found fof'
PI and their relative distnb\.tions were examined. v

‘“The pyrolysis process followed first-order reaction kinetics. The
rate constants of decomposition and the activation energy were compared
to those obtained for PI.

Oxidative Pyrolysis

" TCA and oxidative pyrolysis of VPI were performed in a similar
marner as described for Pi in Chapter VIIIL. About S mg of VPI was used
in each pyrolysis experiment. The polymer was pyrolyzed at 315°,340°, and
362°C for different periods of time at each temperature. The products
were similarly collected and pyrograms obtained by temperature programmed
gas chromatography and .again they were similar to those found for P1.

DIA of this sampleinairataflmrateofE)OmlmmlaMaheatingrate
of 30°C min"> vas also examined.

The pyrolysis process followed first-order reaction kinetics. The
results of kinetic studies were compared to those of neat PI. The ab- |
solute product distributions(calculated from areas under gas chromatogra-

phic peaks) of VPI and PI were compared as a function of temperature.
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- Results

Pyrolysis in Inert Atrosphere

Figure 1 shows the TGA curves in nitrogen for VPI and Pi‘. Table .

1o nares the relatne concentrations of the products from the pyrolysi
of VPI and PI in helium at 362 C(3 min). 'I‘ne relative weight percent of

. each product was calculated by normalizing the respective peak area to
the sum of the areas of all of the volatiles. Figure 2 compares the‘favtes
of pyrolysis of VPI and PI in helium at: indicated terperatures. The
correspmding first-order kinetic senilog plot and Arrhenius plot are

- shown in Figures 3 and 4. . The results of the kinetic studieq of the py-
tolysis of VPI and PI in helium are compared in Table 2.

Oxidative Pvrolvsis

Figure 5 compares the TGA curves in air for VPT and PI. Figure 6 4
shows the corresponding weight 1oss as a function of temperature. The
DTA of VPIL in air is shown in Figure 7. Figure 8 compares the raCes of
vpyrolysis of VPI and PI in air at indicated te*neratures The corres-
ponding first-order kinetic senilog plot and the Arrhenius plot are shown
in Figures 9 and 10.

Table 3 compares the results of the kinetic. studies of the pyro- .
lysis of VPI and PI in afr.
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Table 1

‘ -. ”-Re’-iati've Product Distributicns of the Pyrolysis
. of VPI ard PI at 362'C (3 min)

-'m.' i o
Hethane S 003 001
Ethylene ' : ' : o 0.1 0.03
‘Ethane o e oo
Propylere _ B S0l . » 005
Propane » 0.04 o001
Isobutylene 01, . 002
- Butenes ' .- » A0.09 0.02
Methyl butene S B! 0.02
Isoprene o . 8.4 7.2
Toluene : | 0.06  0.03
2,3 dimethyl cyclopenitene - 3.7 1.5
Octene : 5 0.2 0.05
2,4 dimethyl cyclohexene . v 0.5 0.14-
m-xylene ‘ : 1.7 0.4
1 methyl-4-ethyl cyclohexene. 0.4 0.2
1,5 dimethyl-5-vinyl cyclohexene 4.4 | 5.1

~ Dipentene v 7.0 85.0
G’ L 20 40

O o 1.7 1.2
wnidentified . ' 0.6 0.13

'a“ isomers

b3 isomers




Table 2

Kinetic Resulzs of the Pyrolysis of VPI and PI in Helium

Rate Constants, sec

Tep, °C ver Bt
35 ' ' - 30x107%
1.2x103  1.3x1073

?)
-

"
)

42x103 4.8x1073
1.1x1072 11x1072

Acrivasion Therey, ‘ 41 ' 40
CKesl ::tl{

" Table 3

- Kinetic Resilzs of the 'Py-rolvsié of VPI and PI in ale

. Rate (‘bnsta;..ts. sec-']‘-

T, °C oow o#
2 | : L 0x 10T
20 e eax10t
315 - 7.0x10°  40x 107
¥ O 4ax10t 5.8x 1073
62 1.7 x 1073 -

Activariom Brergy, - 50 21
Keal ole !

e Pt i S e A R e et 7 S A T
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The major products of the oﬁdative pyrolysis of VPI and PI in this
work were ethrlens, ethane, propylene, acetone, acetaldehyde, butan-1-al,
methyl vinyl ketcoe, and rethyl ethyl ketone. The absolute amownt of
each of fhese products, ‘as veasured from the area under peak, from VPI
was normalized with respect to its corresponding peak from PI. Theze-
fore, a ratio of one means the same amount of the same product are pro-
duced freo b§& raterials. Fractional quantities indicate suppressicn
of products by VPI. Figwwe 11 shows the absolute normalized distributicns
of the above produsts (except rethyl ethyl ketone) between 315°-362°C.

Discussion of Results

The reaction of organic 'pa'acids with wnsaturated compounds, ori-

ginally discovered by ?rihescba\jewu, is general for compounds with iso-
lated double bonds. The reactivity of a glven olefinic material with a

peracid depends on the specific peracid employed and the nature of subs-

tituted grovps neighboring the double bond. The reaction mechanism had
14

" been glucidated by Sem . It proceeds .by cis addition of an oocvgen atom
to the double bord to form an oxirane intermediate and then the correspond- _
- ing hydroxyacetate. Hﬁ-drolysis of the latter ylelds the desired dihydraxy

~ coopound.  The reactien conditions for the hydroxylation are prolonged ‘

reaction periods in the presence of acid or base cata‘ly_stls'm.

n this work, 0.2 6l of an acetic acid solution containing 40 per-
cent pefacetic acid was used to 'hydréxylace Pi. 'Iheoreﬁicai calculation
basing en one tole of acid per mole of monomer 'i.ndicéms that:“ this cor-
responds €6 about 1.5 percent hydroxylation of the polymer sample.
Mtépts ‘to quantitatively determine the degree of hydroxylation were not

successful.

7 A i S S
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There have been a lot of studies on the effect of metals on the

thermoxidative stability of rubbers. Llee et al.17

had reported that at
110°C, the stxongest catalysts for the thermoxidative degradatidﬁ of
rubbers were stearates of Co and Mh. These aufhors concluded that: we-
tals with one electron ﬁransfer during the redox reaction such as Co, Cu,
My, Ce, and Fe sre nﬁ:.‘e reactive; metals with two electron transfer such
as Pb and Sn are iess reactive and; metals with no electron transfer
such as Zn a=d Na are normally rot active. These authors also cautioned
that the zhove retals would behave differently in pyrolysis.

Mayo et al.ls"‘reported the effect of‘soluble transition metal salts
on the oxidation of PI at 50°C and again sglt:s of Co and Mh were arong
the most active cavtalysts'. The catalytic effect of Ti campounds in de-
creasing the therroxidative stability of PI was reported by Augert et
al.lg. According to these authors, the catalytic activity of the Ti com-
pounds was g:’éxs:e: than that of I-‘é and was abcn..xt thé same as that of Cu
carpounds . ‘

At the other end of the spectrum, the inhibitive effect of metals v
on organic systems was reported by Horowitzzo. According to this author,
the chemical cocbination of metal ions with organic molecules such as 8- '
~ hydroxyquinoline and derivatives of bis(8~h}droxyquh§oline) led to coor-
dination cooplexes or oligrers with enhanced thermal and thermoxidative
stabilities. The stability of these compounds depends'oﬁ the cex-:xtral
metal and also on the nature of the ligand. The order of the thermal
stability in vacuo of these metallo-organic systems was M > Co > M > Cu.
Under thermuxidative conditions, the order of stability was reversed.
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It is also possible to stabilize preformed organic polymers pro-
 vided they are synthesized to have functional piouns so positioned stra-
tegically as side chains that can be reacted with metal ions to form
coordinated structures. Such an exarple was again illustrated by Horo-
witz20 who reported that the polymer prepared from salicyaldehyde and
butylene mercaptan, when reacted with a divalent , first-row transition
metal having a coordination mumber of &4 ylelded a metallo-organic system
with improved stability.

Drinkard21 studied same of the 'polyn'ers formed through the above
metailization process and f@d that the Zn polymer was more stable than
the Cu polymer. Aliwi and Bszordzz'm reported the preparation of coor-
dination photoactive polymers by introducing vanadium chelate residues
into preformed polymer rolecules with péndant: hydroxyl groups. However,
no stability stuly was attemnted. }

In this vork, the thermal stability of VPL and PI in inert atmos-
phere was-about the same and as a result, both polymer sarples acquired
an activation energy of pyrolysis of about 40 Keal mie‘l. VPI showed
a slight weight loss at tarperatures below 200°C, this is believed to be
due to entrapped solvents. This polymer also left a 5 percent sootv re~
sidue at S00°C. This is probably due to residual oxygem, either in the
apparatus system or in the polymer itself. The resulting vahadium oxides.
like chromium axides, are good dehydrogenation catalystszl’.

It should be pointed out that while the thermal stability of VPI _
.. and PI was very sﬁnilAr in inert atmosphere, their product distributions,
however, were very different. At 362°C, the volatiles (up to C,g) from
VPI were only 30 percent of those from PI. This indicated that the
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vanadium-containing polymer formed less low-boiling products than neat
PI. The weight percent of each product in Table 1 isonly a relative
figure and represents the relative concentration of tﬁat‘. prodﬁct in the
volatiles. |

In oxidative erwironmem:r vanadium inhibited pyrolysis by in-situ
char formation This was reflected by lower rates of decmposition and

a hig,her activation energy compared to thoseof PI (50 Kcal mol; vs 27

_Keal mole” ). Under similar conditions, the tewperatures for 50 percent

~weight loss for VPI and PI were 420° and 360°C fesoectively. DIA showed
that VPI ignited at about &75 C and under similar conditions, PI ignited
at about 370°C (Chapter VIII). Two minor DTA ignition exotherms occur-
ring at 350°C and 400°C respectively, were also observed for VPI. This
{s believed to be due to the inhomopencous distributions of vanadium in
_the polymer. ‘
TGA in air showed that VPI left an 8 percent char at 450°C and
this char was stable up to 600°C. The behavior.of this char at still
higher temperatures was not investigated. Finally, under oxidative con-

ditions, the formations of all major products were suppressed (Figure 11). .
The relative amounts of major oxygenates remained about the same through-

out the temperature range studied.
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Conclusion

Vanadiun oxyerichloride(VOCL,) was used to react with PI which
was hydroxylated with controlled amount of peracetic acid. The final
‘product was elastic and.self-extinguishing in air vhen ignited. The
metal-containing poiymer was investigated for its thermal stability ‘
and ignition characteristics by TGA énd DIA. The pyrolysis and oxida-
tive pyrolysis of the rrxetal-conteining 'pdlymer were found to follow
first-order reaction kinetics: The rates of .decomposition and the cor-
respording activation ehergies. were compared to those obtained for PIL.

In inerc atmosphere, the thermal stability of the metal-contain-
ing polymer was very similar to that of the neat polymer As a result,
both samples acquired about the same activation emergy of pyrolysis,

{.e., 40 Keal mole” 1

Product distributions, however, were very differ-
ent between the two polymers. The metal-containing polymer was found
to form less volatiles separable by éas chromatography.

In oxidative environment, the metal-containing polymer was more
stable than neat PI. The former polymer formed char resulting in Ic».er
rates of deconposit:ion and higher actlvation energv(SO Keal mole 1y
27 Keal fivle” ) Under this condition, the formations of all major
'ptoducts were suppressed. The self-ignition temperature in air was also
increased from 370°C for the neat polymer to 475°C'for the metal-contain-

ing sample.
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CHAPTER X
‘CONCLUISION

?olymer flamability -has became an important social and scien-
‘tific problem; it deals with our basic everyday 1life situations, from
fousing, transportation to clothing and so on. The motive for the
developrent of flme retardant polymeric materials 1s the result of
sociological pressure and 1evislation

A sirplified picture of a burning polymer may be thought of.as
involving two distinct processes. One is the volatilization of the
solid polymer into combustible gaseous produc:s and the other is the
catbustion of these products in the surromﬂmg oxygen-containing en-
viromment. Presumably, under steadv-state conditions, heat: from the
flame accorpanying the secend process is conducted back to the solid
or molten polymer thereby causing vthe formation of a contiruous and
steady supply ©f ‘Fuels'. To inl;tibit the o\'rerali«car_\bustion process
by either slowing down the vo1 a‘.lllzation of the solid polymer or by
retard.ing the oxygen-supported canbustion in the vapor phase,are in '
principle possible. Chemical and physical methods of inhibiting the .
above processes had been discussed by Qﬂlis .-

The primary interest in this study is the inhibition of the solid
phase by slowing dcm the 'volatilization' of ﬁhe ﬁnlten polymer so
» that less 'fuels’ are available for corbustion. With regara to the
'volatilization' of the polymer, whether the decomosition process is
pure pyrolysis or axidative pyrolysis is still largely unsettled. Some
workers believe that sirple thermal decmposicioﬁ without the Interven-

218
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tion of axyyen is responsible for. the producticn of f.aséous producte .
Then the process is dependent entirely on the chi_ai*iéél nature of the -
polymér and on the pyrolysis termperature. Sme polvers will undergo | ‘
chéin scissicas, while other polymers might mdérgo unzippings if
their -ceiling terperatures are well bélow the pyroli-'sis temper‘_ature.‘
On the other hand other workers believe oxygen is imvolvéd so that
‘the process is in fact a thermuxidative decompositica. o
In this study, the oxidative pyrolvsis of pol}'émpylene and poly-
isoprend were fo_und.,t:o occur at lower temperatures than the ccivespond-
. ing pure pyrolysis. The activetion erergies for the oxidative pyrolysis
were also much lower than those for pure pyrolysis. When the oxldative
pyrolysis of polypropylene was studied as a finction of oxygen concen-
tration, similar products were formed from 1 pércmc to about 60 percent
oxygen although the formation of products was diffusion controlled. An
increase of oxygen concentration increased the rate of oxidative pyro-
1ysis but ot the corresponding activation eneryy as evidenced by the -
pyrolysis of the chromiun-containing polypropylene in air and in pure
" oxygen. This leads to the belief that the activation energy at 1 per-
- cent orxygen should not be too different from those at higher oxvgen con-
cgmcraciaxs especially when at 1 percent oxvgen. an average of 50 per-
“cent of each of the major products from the oxidative pyrolysis of poly-
propylene had already been formed. - Hence, when a polvmer is burn:l.ng‘.
in alr, it is conceivable that oxidative pyrolysis, being favored kine-

tically, contributes predominantly to the liberation of combustible vola-
tiles from the polymer,
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The effectiveness of chromium and vanadium metal capounds as

" potential flame retardants had been elucidated in this study. They

inhibited oxidative pvrolvsm resulting in t:he li’r.-z:aticn of less vo-
latile 'fuels’ to support cahustion and were capahble of increasing
the self-ignition temmeratures of the polymers. The role of chlorine
in the solid phase is ﬁnclear,, it is possible that it existed as a

synergist in the above svcta**s Synerpistic svstens of metal chelates

2,3

. with halogenated ca-'nmds had beent rewrted in o satent literatures™ ™.

Mark et” al had establis*ed a ru'ber'of gsldélines'éor an ideal

flame retardant polymer system. This system should have a high re51s-

" tance to ignitlm and flame’ pmp\.gation, a low rete of pvrolvsis, a

{ow rate and amunt of sooke generation; ~low ccm‘xstibility, and toxi-
city of volati‘e gases; retention of reduced flarability during use;
acceptabillt:\ in appearance and properties for specific end-uses and
little or no economic pen;ilt}'; All of these reguirements dlctate the
type of evaluaticn necessary for flame retardant systers. Many of these
guidelines such as soke generation and end-use property studies have
not been addressed upon in this study. I-‘ma..lv the behaviors of other
transition metal corpounds &5 pocancial flame retardants need to be‘stu-
died in order that progress contimue in this area.
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